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ABSTRACT
Gas explosion in underground coal mines is one of the most devastating disasters
which can lead to the death of coal miners and damage of mine equipment and
infrastructures. Abnormal gas emission, or coal/gas outburst is itself a serious mine
hazard, and it can also potentially cause a gas explosion as a result of high volume
release and accumulation of combustible gases such as methane. Only a few previous
studies involve the investigation of the gas explosion hazard distribution, and most of
the research work focused on gas explosions in small-scale pipes or ducts. It is
necessary to understand the mechanism of coal and gas outburst and the law of spatial
motion of mine gas in gateroads following a coal and gas outburst incident. In addition,
the process of a gas explosion and its propagation mechanism should be studied to
develop mitigation strategies for the prevention and suppression of gas explosions,
based on real coal mine roadway layouts and dimensions.

With the development of computational technology, computational fluid dynamics
(CFD) simulations have become a cost-effective and time-saving method for the large
scale study of coal/gas outburst and gas explosion in underground coal mines.
Literature reviews on the numerical calculations of gas explosions, especially the
numerical simulations by CFD codes, indicate the importance of the optimum selection
of turbulence and combustion models for these modelling studies.

Theoretical studies were first conducted on gas emission and gas outburst in
underground coal mines. The gas emission rate from different sources on a
development heading such as fallen coal behind the face, coalface, surrounding strata
was analysed. In longwall goaf, the gas emission sources are simplified to three major
locations: the roof, residual coal, and floor. The goaf area is considered to be a porous
media region, and the permeability is calculated by equations in four parts separated
by the centre line of the goaf.

For conducting the optimum selection of the turbulence and combustion models, the
simulation results of different turbulence models and combustion models were
compared with large-scale experimental results. According to the comparisons, the
SST k-ω model together with EDM was considered to be an optimum model for the
iii

CFD code (ANSYS Fluent software) to simulate the gas explosion propagation in
underground coal mines.

Laboratory experiments were conducted in the National Facility for Physical Blast
Simulation (NFPBS) to validate the best-selected models, the accuracy of parameter
and condition settings as well as the reliability of the CFD software. Gas explosion
tests using oxygen-acetylene mixtures with a volume ratio of 2:5 were carried out, and
CFD simulations with the same dimensions and conditions of laboratory experiments
were conducted. A comparison of the experimental data with numerical simulations
indicates that CFD modelling could reproduce the gas explosion propagation results
achieved in the laboratory experiments.

Using the selected turbulence and combustion models, numerical simulation of a gas
explosion and propagation in a single entry roadway was conducted. The results show
that the overpressure experiences four phases, i.e., initial phase, pressure increase
phase, pressure decrease phase and oscillation phase. The pressure remains at the
initial value before the arrival of the shock wave and then increases rapidly to the
maximum value followed by a decreasing phase. Temperature changes also go through
four periods: an initial period, a warm-up period, a burning period, and a burned
period. Along the roadway, the temperature roughly keeps pace spatially with the
overpressure.

Based on the United States National Institute for Occupational Safety and Health
(NIOSH) experiment in the Lake Lynn Experimental Mine (LLEM), a multiple entry
roadway models was established to simulate the process of a gas explosion. The
simulation results were verified by calculating the peak overpressure and overpressure
history at specified locations.

To study the process of sudden gas emission from a typical coal and gas outburst event
on a longwall face and a heading, 3D CFD models of longwall and headings have been
developed to simulate different gas emission scenarios. The impacts of face ventilation
rates on the maximum back-flush distance against ventilation on the longwall face and
heading, and the impacts of heading length and outburst gas volume to the maximum
iv

back-flush distance against the ventilation were analysed. The gas explosion risk area
after coal and gas outburst was also studied. To investigate the gas explosion risk area
distribution on a heading due to the auxiliary fan trip-off, the gas accumulation process
and explosion risk area distribution were simulated following the auxiliary fan trip-off
on a development heading.

Finally, the gas emission and migration in an active longwall goaf were simulated to
study the gas explosion risk area in a longwall goaf as well as the impact of ventilation,
goaf gas drainage, gas emission rate and goaf length.
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1 INTRODUCTION
1.1

Background

Methane is a serious safety issue in underground coal mines. The mine disasters related
to methane include gas combustion, oxygen deficiency, coal/gas outburst and gas
explosion. Among them, the gas explosions are the top cause of disasters in
underground coal mines. Table 1.1 shows the major gas explosion incidents in the
world since the year 2000. In China, there were 25 coal mine accidents that had a death
toll of more than 100 between 1950 and 2009, including 19 coal mine gas explosions
(Anon. 2013), accounting for 76%. The major mine explosion incidents in China
during the last ten years are listed in Table 1.2. Mine explosions have occurred in
China every year during the past decade. The death tolls around the world from these
incidents suggest that more efforts are needed to improve methane management in
underground coal mines.

Table 1.1 Major coal mine explosion incidents after 2000 (Anon. 2010a, 2010b,
2010c; Karacan et al. 2011)
Country

Date

Coal Mine

Fatalities

China

14/02/2005

Sunjiawan, Haizhou Shaft, Fuxin

214

USA

2/06/2006

Sago, West Virginia

12

Kazakhstan

20/09/2006

Lenina, Karaganda

43

Russia

19/03/2007

Ulyanovskaya, Kemerovo

108

Ukraine

19/11/2007

Zasyadko, Donetzk

80

USA

5/04/2010

Upper Big Branch, West Virginia,

29

Russia

08/05/2010

Raspadskaya Mine

90

Colombia

17/06/2010

San Fernando Mine

73

Turkey

17/05/2010

Karadon, Zonguldak

30

New Zealand

19/11/2010

Pike River Mine

29

Turkey

13/05/2014

Eynez Coal Mine

301

Ukraine

04/03/2015

Zasyadko Mine

30

Gas outburst or coal-gas outburst is another mine disaster resulting from mine gas
which can also cause a soaring death toll, and can even lead to mine explosions. Coalgas outburst and abnormal gas emission are the main causes of gas explosion in the
underground coal mines. A coal-gas outburst is the process of a sudden release of a
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large volume of gas accompanied by the ejection of coal from a coal face. The gas can
be either methane or carbon dioxide or the mixture of the two (Harvey 2001).
Table 1.2 Major coal mine explosion incidents in China in the last ten years
Date

Coal Mine

Fatalities

21/11/2009

Xinxing Coal Mine, Heilongjiang

108

11/05/2010

Jinhe Coal Mine, Gansu

9

17/12/2011

Sanduzhen Coal Mine, Hunan

9

29/08/2012

Xiaojianwan Coal Mine, Sichuan

48

11/05/2013

Taozigou Coal Mine, Sichuan

28

13/12/2013

Baiyanggou Coal Mine, Xinjiang

21

6/07/2014

Dahuangshan Coal Mine, Xinjiang

17

19/08/2014

Huainan Coal Mine, Anhui

27

6/07/2015

Laolintou Coal Mine, Sichuan

8

16/12/2015

Xiangyang Coal Mine, Heilongjiang

19

29/11/2016

Jingyou Coal Mine, Heilongjiang

22

31/10/2016

Jinshangou Coal Mine, Chongqing

33

3/12/2016

Baoma Coal Mine, Inner Mongolia

32

11/08/2017

Yongxing Coal Mine, Hunan

4

23/01/2018

Qixing Coal Mine, Heilongjiang

2

In large and mega-size coal and gas outbursts, the large volume of emitted gas may
cause suffocation and death of mineworkers. They can also cause a fire and gas
explosion if the spewing gas encounters an ignition source. Spewing gas and
pulverised coal may have enough force to destroy roadway facilities and can cause
airflow reversal, that can destroy normal mine ventilation. Normal gas emission is the
uniform emission of gas within a certain period, while abnormal emission is the rapid
release of gas under pressure. Abnormal gas emission is one of the main reasons
leading to the gas release exceeding the safe limit in underground mines. Normal gas
emission of residual coal in the goaf and gas emission in the heading when the auxiliary
fan stops working can also cause the gas concentration to rapidly increase beyond the
safe limit and even cause a fire or gas explosion.

In the past, there has been less investigated into explosion hazard distribution in
underground coal mines. In the aspect of gas explosions, most research works focused
on the gas explosion in small-scale pipes/ducts or chambers. The impact of complex
roadway layouts on outburst gas propagation and explosion shock wave propagation
were not considered. With the development of computing technology, computational
2

fluid dynamics (CFD) simulation has become an economical and time-saving method
for large-scale studies of coal and gas outbursts and underground gas explosions.

To better understand the behaviour of gas flow and explosion propagation in a complex
underground mining environment, in this study, with the additional assistance of
laboratory experiments and field research, CFD simulation method has been used to
study gas outburst, gas emission and gas explosion propagation in models with real
coal mine roadway layouts and dimensions. Results could potentially aid the gas
management and gas explosion prevention and suppression in underground coal mines.

1.2

Background mine conditions for this study

Specific mine site data and information have been used for the purpose of study in this
thesis. Mine conditions including roadway layouts and dimensions, the ventilation and
gas emission data were collected from two mines in the Southern Coalfield in NSW,
Mine A and Mine B. Both of these mines were operating in the Bulli seam with high
gas content. Mine A and Mine B can represent the common mine layout and ventilation
system in Australia. That is why these two mines have been adopted as research
objectives. In addition, the Bulli seam mined in the two mines is CH4 and CO2 rich
coal seams. High gas emission caused safety issues in these mines. Gas monitoring
data is sufficient for model validation. The locations of Mine A and Mine B are shown
in Figure 1.1.
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Figure 1.1 Locations of Mine A and Mne B
Mine A

Mine A is located at Helensburgh NSW, which is about 30km north of Wollongong in
NSW. It is one of the earliest established mines in Australia and has been in operation
since 1886. The mine was the first one to encounter a gas outburst in Australia. In
Mine A, the heading height was 3.2 m and its width was 5.2 m. The pillar length was
125 m, and the pillar width was 55 m.

Mine B

Mine B is located in the south of Tahmoor township, which is about 20 km north-west
of Wollongong. The mine currently operates in the Bulli coal seam, most of which
consists of hard coking coal mainly used for steelmaking and export. The coal is
extracted from the mine using a retreating longwall mining system with face width
about 273 m.
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The Bulli coal seam is top seam located in the Illawarra coalfield. It is typically 2 to 3
m thick and is the main source of coking coal in New South Wales, Australia. The insitu gas content of the coal seam varies from 6 m3/t to 15 m3/t. The composition of the
gas is also highly variable, from 95% CH4 to 90% CO2. The original gas content and
the composition of CO2 in Mine B are shown in Figure 1.2. As reported by Faiz et al.
(1999), the geological structure, depth and proximity of igneous rock intrusions are the
main causes of the significant changes in gas content and composition in the Bulli coal
seam. The typical stratigraphical column of the Mine B and average gas content are
shown in Figure 1.3 In addition to the Bulli coal seam, there are 5 additional seams at
depth. Gas emission will be mainly from underlying coal seams, especially the
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Figure 1.2 Original gas content and composition of CO2 in the Bulli coal seam in
the Mine B
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Figure 1.3 The stratigraphical column of the mine site and coal seam gas
content
Coal is extracted from the mine using a retreating longwall mining system. Longwall
27 (LW 27) and its goaf were selected as the research longwall goaf. The width of the
longwall panel was 273 m, and the length was about 3 km. The panel has two
maingates for air intake, and they are connected by cut-throughs at about every 100 m.
One maingate of Longwall 26 (LW 26) serves as the tailgate of LW 27 for air return.
The width of the gate roads was 5.2 m, and the width of the chain pillars was about 39
m rib to rib. The height of the longwall face and the gate roads was 2 m, which is the
height of the coal seam. The layout of the longwall panels and goaf areas is shown in
Figure 1.4.
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Figure 1.4 Longwall face and goaf layout

The longwall face uses a U-type ventilation system, as shown in Figure 1.5. There is a
U return from the tailgate and a Z return behind the goaf. Seals with good performance
are installed in the cut through to prevent fresh air, especially oxygen, from entering
into the goaf area. The regulator in the maingate can adjust the ventilation rate in the
working face and the Z return according to the requirement of mine ventilation
management.

200(m)

0
Intake
Return

Surveying locations
Investigation path

LW 27

Z return

Goaf

U return

Figure 1.5 Longwall ventilation system of longwall

1.3

Objectives

As previous work has been less research about gas explosion hazard distribution in
underground coal mines and the explosion study mainly focused on the gas explosion
7
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in small-scale pipes/ducts or chambers. The impact of complex roadway layouts on
outburst gas propagation and explosion shock wave propagation should be further
studied. The main objective of this thesis is to further study gas flow behaviour and
gas explosion propagation in different scenarios with real coal mine roadway layouts
and dimensions. Specifically, it involves the following aspect:


To investigate the gas explosion propagation mechanism in the different layout
of roadways, including shock wave propagation, temperature evolution, flame
propagation and the decay of pressure and impulse;



To study the gas flow mechanism after a coal-gas outburst on a longwall
working face and heading face, the maximum back-flush distance as well as
the explosion risk area variation;



To investigate the spatial distribution of gas accumulation and gas explosion
risk area in a development heading and a longwall goaf and influence factors.

1.4

Scope of work

To achieve the goals of this thesis, a series of theoretical analyses and numerical
modelling, as well as some laboratory experiments were carried out. Field data
acquisition has also been conducted to collate necessary field data for CFD model
development. The airflow data at a longwall face/heading and a goaf gas distribution
is been collected for the validation and calibration of corresponding CFD models. The
scope of work includes the following aspects:


Literature review of coal-gas outburst mechanisms, gas spatial motion law after
the outburst, gas explosion propagation mechanism and the numerical
simulation study of a gas explosion.



Theoretical analyses of gas emission and accumulation in the heading and the
goaf; gas flow mechanism after a coal-gas outburst on a working face and a
heading; the turbulence combustion model theory used in the CFD simulation;
and a comparison of the models.



Optimum selection of the turbulence combustion model in the ANSYS Fluent
software. Validation of the model selection, the accuracy of parameter and
condition settings as well as the reliability of the ANSYS Fluent software by
laboratory experiments.
8



Numerical simulation of a gas explosion in a single entry-roadway and multiple
entry roadways.



Development of CFD models of a longwall working face and a development
heading. Validation of the normal airflow in the working face and heading.
Simulation of gas emission and accumulation in the heading and longwall goaf,
and of a coal-gas outburst on the working face and heading. Investigation of
the explosion risk area variation after gas accumulation and coal-gas outburst.



1.5

Conclusions and recommendations for future work.

Thesis outline

This thesis consists of ten chapters. A flowchart showing the chapters of the thesis is
shown in Figure 1.6.

Figure 1.6 Thesis structure - the organisation of chapters

9

Chapter 1 is the general introduction, which briefly describes the background,
objectives, work scope, and outline of this thesis.

Chapter 2 provides a literature review of the study on the coal-gas outburst
mechanisms and gas flow patterns after a coal-gas outburst. The research status of the
gas explosion mechanism will be reviewed, as well as the premixed gas turbulent flame
propagation theory. Several commercial computational fluid dynamics software
program, widely used to model explosions is reviewed.

Chapter 3 examines and summarises the basic gas emission and gas outburst
mechanisms in an underground coal mine. Theoretical analyses on gas emission and
accumulation on heading and goaf have been conducted. According to field measured
data, the gas flow theory after a coal and gas outburst is analysed. The turbulence and
combustion model theory involved in the optimum selection of the explosion models
is then introduced.

Chapter 4 introduces computational fluid dynamics (CFD) modelling and the
fundamentals of the CFD techniques, including the governing equations of fluid flow
and a typical CFD solution process. Several turbulence combustion models used in the
CFD technique are introduced, and the optimum selection of a model was conducted.

Chapter 5 introduces a gas explosion laboratory experimental system, scheme, and
experimental process. Gas explosions with different gas volumes have been conducted.
According to the experimental scheme, CFD simulations were performed, and the
results obtained from experiments and simulations were compared to validate the bestselected models, the accuracy of parameter and condition settings as well as the
reliability of the CFD software.

Chapter 6 investigates the gas explosion propagation in a single entry roadway and
multiple entry roadways by CFD simulations based on the selected turbulence and
combustion models.
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Chapter 7 presents the setup of CFD longwall face models and investigates the gas
flow mechanism after a coal-gas outburst on a longwall working face, the maximum
back-flush distance as well as the variation in the explosion risk area.

Chapter 8 further studies the gas concentration and explosion risk area variation after
a coal/gas outburst on a heading as well as the influence factor on the maximum backflush distance, such as heading length and outburst gas volume.

Chapter 9 investigates the gas accumulation and gas explosion risk area distribution
on a heading following the stoppage of an auxiliary fan. Gas concentration and gas
explosion risk area distribution in a longwall goaf and the influence factors, such as
ventilation, goaf gas drainage, gas emission rate, and goaf length are studied.

Chapter 10 provides a summary of the main results and conclusions achieved from the
research presented in this thesis. Recommendations for future work are also included
in this chapter.
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2 LITERATURE REVIEW
2.1

Introduction

Underground coal mine gas explosions are one of the most devastating disasters all
over the world which can result in fatalities of coal miners and the loss of mine assets.
Coal-gas outbursts and abnormal gas emissions are the main causes of gas explosions
in underground coal mines. Therefore, it is essential to understand the coal and gas
outburst mechanisms and the spatial motion law of coal and gas after the coal-gas
outburst. Also, a gas explosion propagation mechanism should also be studied for gas
explosion prevention and suppression. This chapter first reviews the research status of
coal and gas outburst mechanisms for underground coal mines. Secondly,
investigations of the spatial motion law of coal and gas after coal-gas outbursts are
reviewed. Thirdly, the review of the study on gas explosion propagation mechanism is
carried out, including an experimental study and numerical simulation studies. Finally,
the premixed gas turbulent flame propagation theory and several commercial
computational fluid dynamics software packages which are widely used in the
explosion simulation, including Fluent, AutoReagas, FlACS, and Phoenics, are
reviewed.

2.2

Coal and gas outburst mechanisms

Coal and gas outburst mechanisms refer to the causes, conditions and the processes of
the whole duration of a coal-gas outburst including starting, development and
termination. Coal and gas outburst is an extremely complex dynamic phenomenon.
There are many factors influencing outbursts and the causes of outbursts are complex.
Until now, the mechanism of an outburst under various geological and mining
conditions has not been fully understood. Most theories of coal and gas outbursts are
hypotheses based on statistical field data and laboratory experimental results.

These hypotheses, which have wide application, can be divided into four groups: the
gas dominant hypothesis, the geostress dominant hypothesis, the chemical nature
dominant hypothesis and the combined action hypothesis (Li & Lin 2010; Yang 2009).
12

The gas dominant hypothesis states that high-pressure gas stored in the coal plays the
dominant role in a coal and gas outburst. One of the important theories is the “cavity
theory”, discussed by Briggs (Briggs 1920) and Caufield (Caufield 1928). This theory
assumes that open cavities holding high-pressure gas exist in solid coal. When the
working face approaches a gas cavity, the gas will outburst. Another gas dominant
hypothesis is the “pocket theory” proposed by Coeuillet (Coeuillet 1959). The “pocket
theory” states that the original coal seam is broken into crushed coal by geologic
tectonism and mine pressure, especially in the vicinity of faults. The crushed coal can
absorb gas easily and becomes a reservoir of high-pressure free gas. When a roadway
approaches close to the “pocket”, the crushed coal and gas is released rapidly and
forms a coal and gas outburst. Coal and gas outbursts can also occur in soft coal that
is surrounded by hard coal (Briggs 1920). The permeability of the hard coal is very
low while that of soft coal is high. The rapid permeability change makes the area
vulnerable to a gas outburst when a roadway approaches the contact face between the
hard and soft coal. The soft coal containing gas is also referred to as a “pocket” (Wilson
1931).

The geostress dominant hypothesis considers that coal and gas outburst is a result of
high in-situ geostress. Geostress includes the stress of primary rock (geostatic stress
and tectonic stress) and the stress concentration in front of the working face and
heading. The heading of the development roadway is a common place where outburst
occurs. It is clear that the high-stress concentration near the heading plays an important
role in any outburst. Yano (1970) studied the microscopic structure of fissures in coals
thrown out by outbursts and found that “divergent” fissures exist in the coal in a
dangerous stress zone prone to an outburst. He proposed the “stress superposition
theory” which states that the coal outburst was caused by the stress superposition of
geologic tectonic stress, thermal deformation stress of volcanic and magmatic activity,
weight stress, mining stress and caving pressure. As many outbursts occur after
blasting and before under similar geological conditions, Hashimoto and Ujihira stated
that blasting force is the main cause of a gas outburst (Hashimoto & Ujihira 1973).
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The chemical nature dominant hypothesis holds that high-pressure gas and heat
generated by chemical thermal reactions result in a coal and gas outburst. Khodot
(1966) stated that it is possible to generate gas hydrate (CH4·6H2O) in some geological
and tectonic active areas under certain pressure and temperature. The gas hydrate is
stored in cracks and pore space in the coal seam and rock in a metastable state. These
gas hydrates can decompose and generate high-pressure gas rapidly (up to hundreds
of atmospheres) and cause an outburst after being disturbed by mining work.

The hypotheses mentioned above involve only one factor. As coal and gas outbursts
can be affected by many factors, a combined action hypothesis is needed. This
hypothesis states that a coal and gas outburst is caused by the combined action of
geostress, the gas stored in the coal, and the physical and mechanical properties of coal
itself. However, there is no universally accepted understanding of the role of various
factors in an outburst. The dynamic theory proposed by Farmer and Pooley (Coeuillet
1959; Evans & Brown 1973; Farmer & Pooley 1967; Pooley 1967) considered the gas
to be absorbed in both solid and crushed coal and to be desorbed and released rapidly
during the dynamic failure of coal due to overstressing. Coeuillet (1959) highlighted
the fact that the fractures induced by mining activity ahead of an advancing face play
an important role in an outburst. Farmer (Farmer & Pooley 1967) also suggested that
the failure of pre-existing comminuted coal favours a coal and gas outburst. The
“energy hypothesis” proposed by Khodot (1966) stated that a coal and gas outburst is
caused by damage to the coal body caused by the sudden release of a variety of
potential energy in coal due to the sudden change of the stress state in the coal seam.
When stress in the coal changes suddenly, the deformation velocity of coal is less than
the change in the speed of stress propagation. This increases the void fraction of broken
coal and the area under gas pressure. If the coal is fairly broken and the gas content of
the coal is large enough, the velocity of gas emission increases sharply, forming a gas
flow that brings the crushed coal into an open roadway as an outburst.

These combined action hypotheses all involve the combined action of geostress, the
gas stored in the coal, and the physical and mechanical property of coal. Uncertainty
is which factor plays a key role in the outburst.
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Shepherd (1981) summarized the factors influencing the coal and gas outburst
mechanisms diagrammatically, as shown in Figure 2.1. Shepherd declares that a coal
and gas outburst can only occur if certain conditions are satisfied during mining: high
gas emissions from the coal, geological structure (generally a fold or fault) and/or
mining-induced fractures, or enclosing seam sediments. Without dense fracturing or
some discrete fold or fault in the coal, it is unlikely that an outburst will occur even if
the coal contains a large volume of gas.

Figure 2.1 Conceptual model of outburst mechanisms (Shepherd et al. 1981)

In recent years, an increasing number of Chinese scholars have researched coal and
gas outbursts as this issue is also a serious problem in Chinese coal mines (Li & Lin
2010).

Yu (Yu 1985, 2005) proposed the central spreading hypothesis which states that the
coal and gas outburst starts from a “launch centre” which is at a certain distance from
the working face. It then spreads outwards from the “launch centre” with energy
provided by the coal-rock-gas system. At the coal and gas outburst site, the geostress
field, gas pressure field, coal structure and coal quality are not uniform. The coal and
gas outburst “launch centre” is located at a stress concentration point, and the
development of the outburst from this point is uneven in all directions. Li (1987)
believed that the coal and gas outburst at an in-seam roadway drivage face is a chain
reaction process of disc tensile fracture in the drivage face. The outburst process is a
process of a sudden release of elastic strain energy and gas internal energy
accumulated in the coal body. The “Two-phase fluid hypothesis” proposed by Li (1989)
15

held that the essential reason for an outburst is that a two-phase fluid of coal particles
and gas is generated in the outburst centre. The two-phase fluid releases energy
accumulated under pressure through pressure expansion and this energy breaks out at
the blocking area, resulting in the coal and gas outburst. The major source of motive
force is the energy accumulated by compression and then released by expansion. In
1990, Zhou and He (He & Zhou 1994; Zhou & He 1990) proposed the “rheological
hypothesis” for coal and methane gas outbursts. It is considered that a coal and gas
outburst is a kind of rheological process involving geostress and pore gas coupled that
flows after the coal containing gas is influenced by mining activity. In the outburst
preparation stage, the creep failure of coal containing gas starts in the area affected by
mining, making the coal further cut and forming a developed fracture network. When
an accelerated failure occurs in an area, if the gas energy in the area is sufficient to
cross the damaged coal body, the outburst will occur and develop. The gas needed for
the outburst is supplied through the developed fracture network from the former creep
area. The rheological hypothesis considers not only the gas, geostress, and physical
and mechanical properties of coal; but also the time factor. Yu (1992) established the
first gas mass conservation equation and momentum conservation equation for the two
phases with mass transport, in which the gas-solid two-phase outside the exposed
surface of the coal seam experiences a one-dimensional motion at different speeds. In
the one-dimensional model, the failure of coal body is divided into two stages: layer
crack and crush of layer-crack. The maximum effective tensile stress criterion is taken
as the fracture criterion. Yu believed that the fracture was discontinuous and that the
fracture front developed by leaps and bounds. The morphology of the layer-crack was
unstable in motion and could be further crushed. Lin (2012) suggested that the coal
and gas outburst is the result of the action of geostress, gas, the physical and chemical
properties of coal, and the width of the pressure relief zone. Due to the existence of
the pressure relief zone in front of the drivage face, the outburst will not occur in the
coal body far away from the drivage face, as the pressure relief zone inhibits the highenergy coal body getting out of control. Therefore, if the width of the pressure relief
zone is appropriately increased, a coal and gas outburst can be effectively prevented.
In 1995, Jiang and Yu (1995) put forward the spherical shell destabilisation hypothesis.
It is believed that the essence of coal and gas outburst is the process of coal breakage
caused by geostress, gas release from broken coal, and the gas the coal cracks
16

expansion, causing the destabilisation of the coal spherical shell. The failure of coal
body is mainly manifested by the formation, expansion and instability of the spherical
coal shell. The internal coal body is then destroyed after the broken coal is thrown into
the roadway.

2.3

Gas emission and migration in underground coal mines
Gas emission and propagation after coal and gas outburst

Some researchers have done some study on the change law of gas emission rate when
a gas outburst occurs. Khodot (Khodot 1966, 1984) analysed 35 cases of coal and gas
outbursts in Donbass area (now in eastern Ukraine and south-western Russia) and
established a mathematical expression to calculate the gas emission velocity from the
main emission source during a coal and gas outburst, as follows:
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where,

Q ' is

the total gas emission rate from all the emission source during coal and gas

outburst;
a, b and c are the semi-axis sizes of the outburst ellipsoid；
τ is the outburst duration;
t is the current time;

r is the particle size of coal at the porosity of  ;
rmin is the minimum particle size of coal;
δ is the correction coefficient in consideration of the incomplete release;
ω0 is the effective gas content of the deep coal;
φ is determined by the extended distance of the gas content variation range in
the x-direction;

 is the porosity of coal;

17

Qφ is the normal gas emission rate (constant). As the gas emission rate of
outburst is more than 2 times that of the normal gas emission rate, Qφ can be
neglected.

Based upon theory and case studies, Dong and Liang (2001) analysed the gas
concentration after outbursts and conducted power, exponential and logarithmic the
regression analyses. The power function had the highest correlation coefficient and the
smallest mean square error. It is suitable to describe the declining stage of the gas
concentration variation by a power function. The power function is expressed as
follows:

Q  at  b

(2.2)

where, Q is the gas emission amount at time t;
t is the outburst time;
a, b are variables determined by the gas content and coal structure.

Dong and Liang (2001) also analysed the condition for reverse flow during the gas
outburst. When the gas emission rate of outburst coal is 50 m3/t, the minimum ejected
coal is about 100 t. When the gas emission rate is higher than 50 m3/t, the reverse flow
may occur if the amount of ejected coal is less than 100 t.

Pan et al. (2001) used the localization of crack gas pressure and the jet theory to study
the coal and gas outburst. They tested the localized deformation of coal through field
observation and numerical simulation. Here, the coal is regarded as a porous material.
The equation of gas outburst velocity and the rate is expressed as follows:

Vt  40 P

(2.3)

qt  31.4d 2 P

(2.4)

where, Vt is the velocity of outburst gas;
P is the gas pressure; qt is the gas emission rate;
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d is the diameter of the cavity generated during the outburst.

Cheng et al. (2004) used aerodynamics theory to analyse the relationship amongst
overpressure, outburst velocity, roadway area and outburst intensity. A mathematical
model of shock wave overpressure propagation was established. The overpressure
produced by the shock wave in the roadway after the outburst is expressed as Eq. (2.5).
The velocity of the impact airflow generated in the roadway after the outburst is
expressed as Eq. (2.6).
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where, Δp is the overpressure generated by the shock wave;
W is the work being done on the gas by gas expansion;
p1 is the pressure at the wavefront;
p0 is the atmospheric pressure;
u1 is the velocity generated in the roadway after the outburst;

 0 is the density of air; s is the roadway area;
x is the distance from the outburst location;
D is the velocity of the wavefront;
k is the compression factor.

Wu et al. (Wu & Jiang 2011; Wu et al. 2010) adopted the stress wave theory to study
the reflection and transmission behaviour at the coal interface of the shock wave
19

generated by a coal and gas outburst. Then they used the aerodynamic theory to study
the shock wave propagation in a tunnel. They found that transmission overpressure is
twice as large as the incident overpressure, while the reflected overpressure is slightly
lower than the incident overpressure. The overpressure of the outburst shock wave is
proportional to the outburst expansion energy and is inversely proportional to the
section area of the ventilation tunnel. The propagation of the shock wave in the coal
body was also analysed by Wu and Jiang. When a shock wave propagates through a
single coal layer, it will be reflected at the free interface at both ends. The reflected
wave has an unloading effect causing the vibration speed of objects in the free surface
to double. When the shock wave propagates through an interface of tectonic coal and
hard rock, a strong transmission, and reflection phenomenon are generated. The
transmission wave is superimposed on the boundary between the two surfaces, and its
stress value is doubled. The coal is then fractured by the compression stress when it
exceeds the yield limit of the coal.

Zhou et al. (2015) studied the propagation characteristics of a shock wave induced by
an outburst, and gas flow patterns after the outburst using Fluent software. They found
that an air shock wave is formed due to the transient high-pressure gas. This expands
rapidly along the roadway. The shock wave and high-speed gas flow decay
significantly due to the limitation of roadway walls. In the early stage, the degree of
decay is greater than that in the later stage. The velocity of the gas flow is lower than
the shock wave speed, which also increases as the outburst intensity increases. Zhou
et al. (Wang et al. 2012; Zhou & Wang 2016; Zhou et al. 2017; Zhou et al. 2016) also
investigated the propagation characteristics of two-phase flow of pulverized coal and
gas by both numerical simulation and laboratory experiment. The simulation and
experimental results show that the outburst shock wave can be generated by the
instantaneous ejection of pulverized coal and gas flow, and that the shock wave is
attenuated along the roadway. The pulverized coal flow has a blocking effect on the
gas flow, which makes a large amount of initial energy loss. They also claimed that a
T-type roadway could decay the outburst velocity better than straight and bifurcation
roadways.
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Chen et al. (2014) studied mine gas migration during a gas outburst based on the
analyses of source ventilation network, and simulated airflow disorder process and the
change trace of the fan operation point. They found that the natural air pressure could
maintain reverse flow for some time after an outburst as the residual gas in the airways
of the ventilation system. The mine ventilation would recover by the main fan
gradually, but some local airflow reverse may still occur due to the natural air pressure.
The reverse flow can keep spreading methane and cause a gas explosion hazard.

Gas emission and migration on a longwall face, a heading and a goaf

Based on methane emission rates collected from field research conducted by Krog, et
al. (2006), Zheng and Tien (2009) simulated the flow behaviour on a longwall face.
The methane emission sources include broken coal cut by the shearer, the coal on the
face conveyor, coal on the belt and coal ribs.

Liang and Zhou (1999) studied the gas movement law on a longwall face by numerical
simulation and found that the air flow near the shearer is complicated and high gas
concentration areas exist in local eddy area. The gas concentration in the high
concentration zone adjacent to the mine shearer decreases as a power function with
increasing air flow velocity.

Toraño, et al. (2009) conducted numerical simulations using ANSYS CFX to
investigate the methane flow behaviour in a dead-end roadway of an underground coal
mine. Validation was performed by comparing the experimental data and the CFD
results. They demonstrated that the CFD simulation helps to find the high methane
concentration zone due to the presence of the dead zones. It also found that only part
of the fresh air provided by the fan reaches the working face.

Using the finite difference method, Gao and Hou (2007) studied the gas pressure and
emission characteristics on a drivage face. They found that when the working face
advanced as a certain speed, the gas pressure distribution around the roadway moves
forward with a bullet shape. The coal seam gas pressure on the heading decreased
gradually as the exposure time increased. The gas emission speed increased
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periodically in a zig-zag pattern as the heading advanced. In each cycle, the gas
emission amount was the same.

CFD models were established by Ren et al. (Karacan et al. 2008; Ren & Balusu 2010;
Ren et al. 1997) to study the methane flow and migration characteristics in the goaf.
The models include the mining-induced permeability variations in the goaf by
considering the relationship between the stress and permeability obtained from a
laboratory test. They also took into account the gas exchange between the longwall
face and goaf. The results show that oxygen concentration in the goaf on the headgate
side was higher than at the tailgate side and that methane flows towards the high
elevation side of the goaf near the tailgate.

For optimising gas drainage strategies of highly gassy mines, Balusu et al. (2005) built
a longwall goaf model to study the gas flow patterns in the goaf. The simulation results
provide a good basis for gas drainage.

Using ANSYS Fluent software, Worrall (2012) modelled the gas flow in longwall
goafs and calculated the distribution of explosive gas mixtures by User-Defined
Function (UDF). Figure 2.2 illustrates how he determined the range of explosive gas
mixtures by the Coward explosive triangle.

Figure 2.2 Determination of explosive gas mixture range (Worrall 2012)
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Sasmito, et al. (2013) studied the methane distribution under different ventilation
systems within the room and pillar mining entry and cross-cut region. Based on the
methane distribution, brattice and/or exhausting ventilation measures were tried to
dilute the high concentration methane. The results show that brattice together with the
exhausting fan provides the best performance and methane concentration was diluted
to less than 0.2% throughout the tunnel.

From literature, it is known that most scholars pay more attention to the study of coal
and gas outburst mechanisms while less attention has been paid to the coal and gas
spatial motion in the roadway or working face after a coal and gas outburst, and to the
explosion hazard distribution after a coal and gas outburst. The gas emission on a
longwall face, heading and goaf have been studied by some research. However, few
of them studied the explosion hazard distribution after a gas emission. Therefore, to
fill the gap, an important part of this thesis will model gas outburst, gas emission and
gas accumulation at different locations in an underground coal mine. More importantly,
the gas explosion hazard area distribution after the outburst or gas accumulation will
be obtained to provide essential guidance for face gas management.

2.4

Gas explosion propagation characteristic

A gas explosion is a complex physical and chemical reaction. The study of gas
explosion relates to subjects, such as gas dynamics, chemical kinetics, combustion
science, detonation, and computational mechanics.

Since the 1920s, researchers began to study gas explosion in pipes. Most industrial
countries like the United States, Russia, Poland, and Germany have conducted
experimental studies on gas and coal dust explosion accidents. In particular, there are
many studies on the ignition, propagation of combustible hydrocarbon gas mixtures
with oxygen and air, as well as the propagation and suppression of gas (coal dust)
explosions (Lin 2012).
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Basic characteristics of a gas explosion

As for the study on the explosion characteristics of combustible gas, especially
methane, there are many experimental studies. The progress will be summarised here.

Caron et al. (Caron et al. 1999) investigated the Auto-Ignition Temperature (AIT) and
the Cool Flame Temperature (CFT) of methane-air mixtures in a closed spherical
vessel. The pressure of the air mixture was between 0.2-0.47 MPa, and the
concentration of methane was from 30% to 83%. They found that the AIT and CFT
were dependent upon the pressure and decreased as the pressure increases. The Upper
Explosive Limit (UEL) of the methane-air mixture with high pressure and temperature
was related to CFT.

Tan et al. (1995) studied the determination method of explosion characteristic
parameters of combustible gas (or vapour) using the self-developed 20 L combustible
gas explosion test system. Explosion limits and minimum ignition energy of some
flammable gas were measured. They also found that the detonation pressure of
explosion decreased gradually as gas concentration increased or decreased from the
optimum concentration. Ning et al. (2006) investigated the explosion limits and the
minimum ignition energy of gas-air mixture at temperatures changed from 20 to 80°C
and pressures ranging from 100 to 200 kPa with a 20 L explosion test apparatus. The
relationship between explosion limits and initial pressure/temperature were also
studied, and an empirical equation was established. Ning et al. (2006) also explored
the dilution effect of nitrogen on the explosion limits, and the critical explosion
concentration of gas was determined to be 7.4 to 9.0% methane.

Zhang et al., Si and He (He 1996; Si 2007; Zhang et al. 2006) conducted a series of
experiments in a 20 L explosion test apparatus to study the influence of methane on
coal dust Lower Explosive Limit and the influence of coal dust on methane lower
explosive limit. The results showed that the Lower Explosive Limit of coal dust
decreased significantly when methane was present. Similarly, the Lower Explosive
Limit of methane decreased when coal dust was present. The mixture exploded with
1% methane in volume when coal dust existed.
24

Wang (1990) studied the explosion characteristic of a mixture of methane and coal
dust by using different coal samples from China and Japan. The experiments were
carried out under two different conditions, one in which coal dust was mixed with air,
the other in which coal dust was mixed with a gas containing 1%-4% methane. The
results showed that the presence of methane had little effect on the ignition temperature
of coal dust. When methane was present, the lowest ignition concentration of all coal
types was lower than the lowest ignition concentration of pure coal dust of the same
coal types. However, the degree of the lowest ignition concentration decreased varies
with different types of coal.

Deng et al. (2008) investigated the explosion property of static and turbulent methaneair mixtures in a 20 L spherical container. The results show that turbulence had little
effect on the explosion limit of methane. However, the maximum explosion pressure
and increase rate of pressure rose significantly compared to the static condition, while
the maximum pressure peak time shortened obviously. The effect degree on explosion
by turbulence is influenced by methane concentration. The closer the gas concentration
approaches the optimal concentration, the more obvious the effect of turbulence on the
rate of pressure increase and maximum pressure peak time. Under the same methane
concentration, the maximum pressure and pressure increase rate increased and the
maximum pressure peak time shortened as the turbulence increased.

Propagation characteristics of a gas explosion

Many experiments have been conducted around the world for studying gas explosion
propagation. Savenko (1979) conducted relevant experiments using pipe models with
diameters of 125 mm and 300 mm, and obtained the attenuation coefficient of an air
shock wave through the roadway bifurcations and turns. He also conducted a
membrane pressure test and showed that the shock wave strength depends on the size
of the roadway section and the roadway roughness. The research centre of Pittsburgh
in the United States has an experimental mine, which has been carrying out a large
number of large-scale experiments (Cortese & Sapko 1991). The theoretical
framework and computer simulation model of gas and coal dust explosion were
established in Australia. Three empirical constants are used in the model to calculate
25

the flame acceleration, ignition energy and the ratio of combustible gas to oxygen.
(Green 1985). In Britain, a mixture of coal dust and 0 ~ 4.2% volume concentration
methane was used in a combustion test in a 366 m long roadway (Dai 1987).

Yu et al. (2004) investigated premixed combustible gas explosions in a circular tube.
According to their experiments, they divided the overpressure variation process into
four stages and the gas combustion process into three stages. They also found that
during the Deflagration-to-Detonation Transition (DDT) process, the shock wave is in
front of the flame and the distance between the wavefront and flame front decreases
gradually. In the end, the flame front followed the wavefront and propagated at the
same speed. The position of overpressure peak value and the flame front were
consistent.

Si and Wang (2006) and Si (2007) conducted a series of methane and coal dust
explosions in large-scale experimental roadways in the Chongqing Branch of the
China Coal Research Institution Chongqing Branch. Compared to a gas explosion, the
maximum pressure of a coal dust explosion was higher, and the flame propagation
speed was faster. With a small amount of gas, the gas explosion only served as an
ignition source. It was the coal dust explosion that caused an explosion disaster. The
gas explosion in this process mainly served two functions: raising the coal dust and
igniting it.

In other experiments, Wang and He (2001a, 2001b) divided the explosion pressure
curve into a forward pressure wave area, a negative pressure area and a positive
pressure area caused by the expansion of the explosion products. In addition, the time
and position of the maximum peak overpressure in the forward pressure wave was the
same as that of the flame front.

Luo et al. (2007) investigated the early stage of a gas explosion in a self-designed
quartz test tube. The flame propagation was observed using a high-speed camera. The
results indicated that it takes 10-30 ms for the gas to be ignited to form an obvious and
strong flame. The catastrophic process was initiated during flame propagation, and the
induction and catastrophe time decreased as the methane concentration increased.
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Factors influencing gas explosion

A gas explosion is affected by many factors, such as gas concentration, methane
volume, atmospheric environment parameters (atmospheric pressure, humidity,
temperature), exploding space geometric parameters (geometric shape, surface
roughness and obstacles), and ignition method. Much research has been done in this
field.

2.4.3.1 Effect of obstacles on gas explosion

In 1926, Chapman and Wheeler (1926) first started to study the flame propagation in
a duct with restrictions in the path of the flame. The results showed that, when the
flame passed through the circle sheet with periodic permutation in the tube, due to the
disturbance of velocity by the throttle obstacle, the flame accelerated continually. The
flame speed of a methane-air mixture could exceed 400 m/s, while the speed in the
tube without restrictions was only 6 m/s. Evans et al. (1948) conducted a laboratory
experiment of an explosion in a tube with grids and found that the flame would
accelerate when it propagated through the grids.

Lin et al. (Lin, Zhang, et al. 1999; Lin, Zhou, et al. 1999) studied the influence of
obstructions on the flame and explosion wave in the process of a gas explosion. Their
research showed that obstacles in a duct had a significant acceleration effect on the
flame. With an increase in the number of obstacles, the propagation speed of the flame
increased significantly.

Lu et al. (2004) studied the flame acceleration mechanism of a coal gas-air mixture
explosion in a closed obstructed duct. Their experimental results showed that
maximum explosion pressure could increase by 20% when obstacles exist in the duct.

Gamezo et al. (2008) studied the flame acceleration and Deflagration-to-Detonation
Transition (DDT) in obstructed channels using 2D reactive Navier–Stokes numerical
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simulations. They proposed that the existence of obstacles could cause strong
turbulence, a high shock wave and high flame speed.

2.4.3.2 Effect of bifurcation and cross-sectional area change on gas explosion

Lin et al. (Lin & Gui 2002; Lin et al. 2003) investigated the influence of changes in
the tunnel cross-section and branching on flame transmission in a gas explosion using
lab experiments. The results showed that bifurcation and sudden changes in crosssection could increase the flame transmission speed rapidly. The acceleration ring in
the pipe could also increase turbulence and flame speeds.

Using CFD software, Yan et al. (2011) researched the pressure change where a tunnel
bifurcates. They suggested that the overpressure would reduce in bifurcation, but that
explosion shock wave and the flame wave would produce a more powerful destructive
effect.

Zhu et al. (2011) studied the gas explosion propagation in a single bend of U-shaped
and Z-shaped pipes. They found that the explosion pressure and flame speed increased
at the turnings when the bend was filled with methane, while explosion pressure and
flame speed decreased at the turnings when the bend lacked methane. The direction of
the bends had no effect.

2.4.3.3 Other influencing factors on gas explosion

Xu et al. (2001) investigated the roadway size effect on gas explosion propagation. By
comparing two experimental roadways of different sizes, they found that the flame
propagation of gas explosion had obvious size effects. The reason for the size effect
was that the roadway adopted the same supporting form, so that the effective area and
roughness of the roadway could not be reduced in proportion, which led to the
difference of turbulent diffusion effect in the propagation process. Under comparable
conditions, the influence range of gas explosion accidents with the same concentration
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in the roadway with large cross-section is much larger than that in the roadway with a
small cross-section.

Zhang et al. (2011) studied the effects of scale on a gas explosion using AutoReaGas
software simulation. The results indicated that the explosion process of the methaneair mixture related to the size of the duct. They also claimed that, when the ratio of the
propagation distance to the height (or width) of the gallery section was over 80, the
numerical simulation results obtained in these small scale models could be applied to
determinations of the shock wave overpressure in an actual mine roadway.

Li (2007) studied the influence of a magnetic field on flame propagation of gas
explosion experimentally. Their results showed that the magnetic field had an obvious
influence on gas explosion propagation. The flame speed increased significantly not
only in the presence of a magnetic field, but also as magnetic field intensity increased.
The results were the same for both open-ended and closed-ended pipes.

The majority of these studies were carried out in combustion chambers/vessels or
small-scale ducts/pipes. While the roadway layout of coal mines is very complex; the
roadways are connected and roadway bifurcations can be seen everywhere. The size
effect on the rate of pressure rise is obvious between experiment pipes and coal mine
roadways. Therefore, it is very significant to study the propagation of explosions based
on the original layouts and dimensions of coal mine roadways. Consequently, this
thesis will concentrate on the modelling of gas explosions and propagation in realsized underground roadways.

2.5

Numerical calculation of gas explosion

Computational combustion is the basis of numerical simulation of a gas explosion.
Studying the development process of a gas explosion using numerical simulation
should lead to an understanding of the development process of computational
combustion.
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Computational combustion is a new discipline that involves combustion theory, fluid
mechanics, transport science, chemical dynamics, numerical methods, and computer
science. In the late 1960s, Spalding (1971) first obtained the numerical solution of the
governing differential equation of laminar boundary layer combustion process, and
successfully validity through experiment. But they had difficulty in dealing with the
problem turbulence problem. Spalding and Harlow pursued the work of Prandtl,
Kolmogorov and Peiyuan Zhou (Fan & Wan 1992; Yang 2009; Yu et al. 2003), and
created the “turbulence model method”, which incorporated a series of turbulence
transport equations and turbulence combustion equations. In the process of
discretisation and solving of the problem of turbulent flow and turbulent combustion,
they developed various numerical calculation methods and calculation procedures, and
successfully obtained a large number of numerical solutions describing the basic
combustion phenomenon and the actual combustion process. They developed different
characteristics in the process of discretising and solving the problem of turbulent
combustion.

The theoretical framework and computer simulation model of a gas and coal dust
explosion was first established in Australia. In order to make the physical phenomenon
of the explosion process easier to understand, a binary gas model for studying the
differential flame acceleration transfer process was established. Three empirical
constants are used in the model to calculate the flame acceleration, ignition energy and
the ratio of combustible gas to oxygen (Dai 1987).

The actual combustion processes that are often encountered are almost all turbulent
combustion processes. In turbulent combustion, the turbulent flow process and the
chemical reaction process have strong correlations and interactions. Turbulence affects
the average chemical reaction rate through intensive mixing, while the chemical
reaction exothermic process affects turbulence. A gas explosion in a mine roadway is
a premixed gas explosion.
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Premixed turbulent flame propagation theory

Since the study of premixed turbulent flames by Damköhler (1940), scholars from all
over the world have carried out a lot of research work. The propagation speed of
laminar premixed flames mainly depends on the chemical and physical properties of
the gas mixture, while turbulent premixed flames are strongly influenced by the flow
state, which propagates faster than laminar flames. Because the turbulence process is
very complicated, the propagation mechanism of turbulent flames has not yet been
clearly understood. At present, there are two relatively popular theories explaining the
process of turbulent flame propagation the flame surface folding model created by
Damköhler and Shelkin (Damköhler 1947; Shelkin 1947) and the micro-volume
combustion model created by Summerfield (Gao & Chow 2005).
2.5.1.1 Flame surface folding model

The flame surface folding model was developed on the basis of the laminar flame
propagation theory. The concept of a flame front is used. It is considered that in the
case of turbulent flow, turbulent pulsations cause folding on the surface of the flame
front, and the increase of surface area leads to increases of the flame propagation speed.

Experiments on the burning flame of propane-oxygen premixed gases were conducted
by Damköhler (1947) with a gas burner. The flame propagation velocity under
different Reynolds number were summarised as follows: i) when Re < 2300, the ratio
of flame propagation velocity of turbulent flow to that of laminar flow St/Sl = 1, i.e. in
a laminar state; ii) when 2300 ≤ Re ≤ 5000, St Sl  Re ; iii) when Re > 5000, St/Sl
∝ Re. The results indicated that the flame propagation velocity of turbulent flow was
faster than that of laminar flow. When the turbulence intensity is low (small-scale
turbulent flame, 2300 ≤ Re ≤ 5000), the fluctuation and velocity pulsations are small.
Only small deformations of the flame surface would be induced, and the flame surface
would increase slightly. When the flame was a large-scale weak turbulent (Re>5000),
the turbulence scales became larger than the thickness of the combustion zone. Due to
the turbulent pulsations, the flame surface would become folded and deformed. If it
expanded the flame surface foldings, the flame surface area would increase greatly.
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The ratio of turbulent flame propagation speed to the speed of laminar flow equals the
ratio of variations in the flame surface area, ie. St Sl  Ft Fl . When the turbulence
intensity was fairly large, the flame could become a large-scale strong turbulent flame
(Re >5000), The turbulent flame propagation velocity mainly depended on the ratio of
pulsation velocity to the laminar flame propagation velocity. (St is the turbulent flame
propagation velocity, Sl is the laminar flame propagation velocity, Ft is the surface
area of the turbulent flame, Fl is the surface area of the laminar flame )

2.5.1.2 Micro-volume combustion model

In some cases of high turbulence intensity, the flame thickness is dozens of times that
of the laminar flame surface. The concentration and temperature distribution in the
flame are very different from laminar flow. Because of this, Summerfield et al. (as
cited in Gao & Chow 2005) proposed the micro-volume combustion model. According
to the micro-volume combustion model, when the turbulence intensity is very high,
the fluid volume would be divided into micro-volumes by eddies. The combustion of
each micro-volume occurs not only on the surface, but also inside the micro-volume.
Within the time of existence of each micro-volume, the internal temperature and
concentration of reaction are in local equilibrium. However, the temperature,
concentration and degree of reaction of each micro-volume are different. In the
reaction zone, some combustible micro-volumes reach the ignition conditions, the
whole-space combustion occurs. The micro-volumes that do not reach ignition are
either burnt during the pulsation or interaction process with the burning micro-volume
or mixed with other micro-volumes to generate a new micro-volume.

Based on the micro-volume combustion model, Spalding (1971) proposed the EddyBreak-Up model (EBU) by analysing the main factors affecting the turbulent pulsation
velocity and the experimental data. The EBU model considers that the turbulent
combustion zone is a mixture of unburned and burned lumps. The chemical reaction
takes place at the interface of the two types of lumps. The chemical reaction rate
depends on the rate that the large lumps break down into smaller lumps due to the
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action of turbulence, and the rate of the break-up of the eddies is proportional to the
rate at which turbulent pulsation kinetic energy decays.

Application of turbulent combustion model in explosion simulation

Based on the existing turbulent combustion model or the modifications to the model,
many researchers simulated the gas explosion propagation, which greatly promoted
the development of the basic explosion model.

Fairweather et al. (1996) adopted the stand k-ε model, and the modified eddy break up
model to simulate the gas explosion in a circular tube with acceleration ring. The
experimental results and simulation results of the flame shape, flame propagation
velocity, and pressure in the tube had a good consistency. Bradley et al. (2009) studied
the inter-relationship between the constant k in the flame surface density model and
turbulent combustion phenomena and proposed a new method for calculating k.
Hashimoto et al. (2007) used the LES turbulence model and the scalar combustion
model to simulate a real-scale gas explosion in two rooms connected by ducts. The
study made it clear that simulation technology could portray the characteristics of a
gas explosion between two connected rooms. Catlin et al. (1995) introduced a
mathematical model which could predict gas explosion overpressure and turbulent
premixed flame propagation in a tube. The mathematical model employed a secondorder, finite-volume integration scheme coupled with an adaptive grid algorithm to
solve the fluid flow equations. Turbulence generated in front of the propagating flame
was modelled using the κ-ε approach, while the premixed combustion process was
described using a semi-empirical method.

Bielert and Sichel (1998) used the front tracking method to describe the development
of a turbulent flame zone caused by convection and propagation/burning in a closed
tube. This method can also predict the maximum explosion pressure, the rate of
increases in pressure, and the time that it takes for the flame to reach any location in
the tube.
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Khokhlov et al. (1999) simulated the acetylene–air mixture explosion by numerically
solving the two-dimensional reactive Navier-Stokes equations. The results indicated
that the interaction between the shock wave and the expanding flame front was very
important for the Deflagration-to-Detonation Transition (DDT). The interactions
between the shock wave and flame created and maintained the highly turbulent flame
brush. Pressure fluctuations generated by shock-flame interactions created hot spots in
any unreacted material, which may then transition to DDT through the gradient
mechanism.
Fan et al. (2002) simulated gas explosions in a tube with obstacles using the κ-ε and
modified EBU-Arrhenius models. The results indicated that the obstacles and the wall
have obvious acceleration effects on the flame. The acceleration effect of the obstacle
was more dominant.

Simulation based on computational fluid dynamics software

The computational fluid dynamics (CFD) software is based on the solution of several
partial differential equations to evaluate the explosion hazard. The equations mainly
include equations for mass conservation, momentum conservation and energy
conservation, which are part of the Navier-Stokes equations that control fluid flow,
and incorporate a model to deal with turbulence and the combustion process (Nehzat
1998). There are many CFD software program for simulation of gas explosions. The
main ones are ANSYS Fluent, FLACS, AutoReaGas, PHOENICS, EXSIM, and
COBRA.

2.5.3.1 The ANSYS Fluent software program

The ANSYS Fluent software program, developed by the ANSYS Company, is
currently one of the most popular commercial CFD software packages in the world
and is used in industries related to fluids, heat transfer, and chemical reactions. Wang
(2005) studied the dynamics of the gas explosion process in enclosed pipes by using
ANSYS Fluent software. He investigated the influence of ignition position, gas
34

concentration, gas type, obstacles, water content, and inert gas on a gas explosion and
propagation. The flame propagation, pressure change, and turbulent flow during the
gas explosion in a connected vessel were also simulated. The numerical simulation
results were in good agreement with experiments. Tulach et al. (2015) conducted a
series of ANSYS Fluent software simulations on gas explosions in a chamber, and the
result was consistent with the experiment result. Huang et al. (2012) studied the
transmission laws of a flame and pressure wave in a pipeline gas explosion. Dong et
al. (2012) investigated the pressure development, flame propagation, gas flow and gas
concentration changes of an explosion in a closed cylindrical vessel by using the
ANSYS Fluent software.

Geng (2014) studied the gas explosion shock wave propagation in a roadway using the
ANSYS Fluent software with the standard k-ε model for turbulence model and FiniteRate/Eddy-Dissipation for a combustion model. Using Fluent software, Wei (2015)
simulated a gas and coal dust explosion in a roadway with RNG k-ε model and Eddy
Dissipation Concept model (EDC). Tulach et al. (2015) used the SST k-ω turbulence
model and Eddy-Dissipation Concept model in the ANSYS Fluent software to
simulate a gas explosion in an explosion chamber.

2.5.3.2 The FLACS software program

The FLACS software program, developed by GEXCON Company, is used widely for
explosion and atmospheric dispersion modelling within the field of industrial safety
and risk assessment (Anon. 2019).

Bakke and Hjertager (Bakke & Hjertager 1987) conducted simulations with three
different model sizes using FLACS-ICE code. Wingerden et al. (1999) compared the
results of a three-dimensional FLACS simulation and TNT equivalent model and the
Multi-Energy method.
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2.5.3.3 The AutoReaGas software program

The AutoReaGas software program is a three-dimensional CFD software program
jointly developed by Century Dynamics of the United States and TNO of the
Netherlands. It is mainly used to simulate a gas explosion and the shock wave effect
caused by it. The AutoReaGas software program has been extensively verified by
experiments, and the software is widely used in case studies on platforms and in
industrial plants.

Janovsky et al. (2006) used AntoReaGas software to simulate the explosion of a 9.5%
concentration of methane-air premixed gas cloud in an abandoned coal roadway.
Maremonti et al. (1999) studied the gas explosion in linked vessels using AntoReaGas
and found that the maximum pressure and pressure rise rate of the linked vessels was
much higher than that of a single vessel. Salzano et al. (2002) used AntoReaGas
software program to investigate the influence of obstacles, grid size, scale and
geometry, and mixture reactivity on a gas explosion in tubes and compared the results
to experiments.

2.5.3.4 The PHOENICS software program

The PHOENICS software program is a reliable, cost-effective CFD program and is
widely used to simulate fluid flow, heat or mass transfer, chemical reactions and
combustion. Lin and Gui (2002) used the PHOENICS software program to simulate
the influence of obstacles on the flame propagation characteristics of a gas explosion.
Wang (2006) studied the methane/air premixed gas explosion flame propagation in a
1.0-metre-long and 100-millimetre-diameter tube.

It is known from the literature that several different turbulence models and combustion
models are used in the ANSYS Fluent software for simulation of gas simulations.
Therefore, in this thesis, a comparison of the simulations with different turbulence and
combustion models in ANSYS Fluent software is conducted to select the best suitable
turbulence and combustion models for gas explosions.
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2.6

Summary

A comprehensive review of the coal and gas outburst mechanisms, the spatial motion
law of coal and gas, the propagation characteristic of a gas explosion and the numerical
calculation of a gas explosion has been carried out. A coal and gas outburst is an
extremely complex dynamic phenomenon, and many researchers have paid attention
to its mechanism study. Gas emission and propagation after coal and gas outbursts and
normal gas emission and migration in longwall face, heading and goaf are reviewed.
As few of the gas emission studies involved the explosion hazard distribution, the
study of the gas explosion hazard area distribution after the gas outburst or gas
emission and accumulation is necessary. Then, the review of gas explosion
propagation characteristics has demonstrated the significance of the study of the
explosion propagation based on real layouts and dimensions of coal mine roadways.
Furthermore, reviews of the numerical calculation of a gas explosion, especially the
numerical simulation by ANSYS Fluent software indicates the importance of the study
on the optimum selection of turbulence and combustion models. To summarise, this
comprehensive literature review shows how insufficient are the studies of coal and gas
outbursts and gas explosions in an underground coal mine, and opens up the way to
carry out further innovative CFD investigations of gas outburst and gas explosion.
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3 THEORETICAL STUDY OF GAS EMISSION AND EXPLOSION IN COAL
MINES
3.1

Introduction

During mining and excavation work in or near a coal seam, the original state of coal
and rock is damaged. Stresses in the coal face are redistributed due to rupture and
expansion, causing coal permeability to increase. Under pressure, free gas permeates
out through the cracks channels or the exposed surface of the coal seam and flows into
the mining space. With the outflow of free gas, the gas pressure in the coal body
decreases, thereby destroying the original dynamic balance of pressure, and a portion
of the adsorbed gas is released and flows out. With continuous mining and excavation
work, the area of coal and surrounding strata affected by mining continues to expand,
and the area of gas-dynamic imbalance continues to expand. Therefore, gas can be
released from the coal body for a long time.

If the methane concentration increases to the explosive limit and encounters a spark or
fire, a gas explosion may occur, which can result in large casualties and damage to
facilities.

3.2

The general theory of gas emission and explosion in coal mines
Gas generation, storage and transport in coal

3.2.1.1 Mine gas generation and storage

Coal seam gas is generated during the coalification process in two ways (Singh &
Singh 1999), the metabolic activity of biological agencies (biological process), and the
thermal cracking of hydrogen-rich substances (thermogenic process). The gas mainly
contains methane, with a lesser amount of carbon dioxide, nitrogen and some other
trace gases. However, the gas component can vary significantly as the coal’s
geological structure and stratigraphy changes. Faiz and Hutton (1995) found that high
proportions of CH4 occurred in synclinal structures, while CO2 increased in anticline
structure. In structural lows, high CO2 concentrations were found near dykes and faults.
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Gas is stored in coal seams in four ways: (1) adsorbed molecules within micropores
(<2 nm in diameter); (2) trapped gas within matrix porosity; (3) free gas and (4)
dissolved gas in groundwater within a coal fracture.

3.2.1.2 Gas transport in coal

Gas transport in coal mainly involves three distinct processes: desorption from the
internal coal surfaces, then diffusion through the matrix and micropores towards the
cleats/fractures, and finally, Darcy flow of gas within the natural fracture network, as
shown in Figure 3.1.

Figure 3.1 Transport of coal seam gas in coal (Harpalani & Schraufnagel 1990)

Desorption is a process through which methane molecules detach from the micropore
surfaces of the coal matrix and go into the cleat system where they exist as free gas.
The relationship between the adsorbed gas content in the matrix and the free gas
pressure in the cleat system is described by the desorption isotherm. Langmuir
(Langmuir 1916, 1917) proposed the most widely used mathematical relationship for
the desorption isotherm, which is expressed as the following equation

Cg 

VL P
P  PL

(3.1)

where Cg is the adsorbed gas content (gas volume per unit mass of coal);
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P is the gas pressure;
VL , called Langmuir Volume, is the maximum gas storage capacity of the coal;
PL , called Langmuir Pressure, is the gas pressure at which one half of the
Langmuir Volume can be adsorbed.

Diffusion is the movement of gas as a result of a random molecular motion from an
area of high concentration to an area of lower concentration (Crank 1979; Kolesar &
Ertekin 1986; Kolesar et al. 1990). Fick's first law describes the relationship between
the diffusive flux and the gas concentration under the assumption of steady state,
expressed by the following equation (Fick 1855):

d  D

c
x

(3.2)

where  d is the diffusion flux;

D is the diffusion coefficient or diffusivity;
c is the gas concentration;
x is the space dimension.

Gas flow in the natural fracture network is caused by the pressure gradients, which
obeys Darcy’s law (Hadden & Sainato 1969):

Q

kAp
L

(3.3)

where Q is the flow rate, m3/s;

A is the area, m2;
 p is the pressure difference, kPa;

L is the distance, m;

k is the permeability, m2;
 is the viscosity, N·s/m2.
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Gas explosion mechanism and conditions
3.2.2.1 The chemical reaction mechanism of a gas explosion

A mine gas explosion is a violent and rapid thermal-chain reaction process (also called
a chain reaction) of an explosive mixture of methane and air. When the methane and
air mixture absorbs certain energy from an energy source, such as an open fire, electric
spark or coal spontaneous combustion, the chains of methane and oxygen molecules
will be ruptured by the heat into two or more free radicals which are known as the
branched-chain reaction. The free radicals have great chemical activity and are the
chemical reaction activation centre. If free radicals can obtain enough energy, each
free radical can break into two or more free radicals. As the reaction cycle continues,
more and more free radicals are generated, and the chemical reaction speed accelerates.
Ultimately, the process will develop to a combustion or an explosion (Nakamura et al.
2016; Xu 2002; Yu et al. 2016). The methane chemical kinetics mechanism was
developed from 1969 with only 15 elementary steps with 12 species. Most recently,
GRI Mech 3.0 was designated through the collaboration of several research groups
and is continually updated. GRI Mech 3.0 comprises 53 species and 325 reactions
(Smith et al. 2007; Turns 1996). In general, the methane explosion process can be
simplified as a one-step exothermic chemical reaction as,

CH4 +2O2 = CO2 +2H2O+882.6kJ/mol

(3.4)
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or CH 4 +2  O2  N 2  = CO2 +2H 2O+7.52N 2  882.6kJ/mol
21 


(3.5)

It can be seen from the above formula that when both oxygen and methane in the mixed
gas completely burn out, one volume of methane is reacting with two volumes of
oxygen, requiring 2+7.52 volumes of air. At this time, the concentration of methane in
the mixed gas is

1
100%  9.5% . This concentration is the most explosive
1  2  7.52

one and is called the stoichiometric concentration. If the oxygen is insufficient, the
reaction is incomplete, and CO is also produced.
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3.2.2.2 Conditions of the gas explosion

The occurrence of a gas explosion requires three basic elements: methane within the
explosive range, sufficient oxygen and an ignition source with sufficient energy
(Zhang et al. 2009).

Theoretical analyses and experimental study indicate that a gas explosion only occurs
when methane is in an explosive range, called the methane explosive limits. At
Standard Ambient Temperature and Pressure (SATP), the minimum concentration
limit, called the Lower Explosive Limit (LEL), is 5% and the maximum concentration
limit, called the Upper Explosive Limit (UEL), is 16%. The explosive limits are not
fixed, and are affected by many factors, such as other flammable gas, coal dust,
pressure, and inert gas.

Under ambient conditions, the relationship between the oxygen concentration and
methane concentration is shown in Figure 3.2, called the Explosibility Diagram or
Coward explosive triangle. From Figure 3.2, it can be seen that when the oxygen
concentration decreases, the Lower Explosive Limit does not change much (nLL line),
and the Upper Explosive Limit is significantly reduced (nUL line). When the
concentration of oxygen is less than 12%, the mixed gas loses its explosiveness.

Figure 3.2 Explosibility Diagram (modified from (Coward 1928))
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The Minimum Ignition Temperature (MIT) and the Minimum Ignition Energy (MIE)
of methane are determined by the gas concentration, the initial pressure, the energy of
the ignition source, the release intensity, and duration of action. The MIT is commonly
between 650°C and 750°C, and the MIE is 0.28 mJ.

When an explosive mixture encounters a high-temperature fire source, it does not
immediately burn or explode. It takes a while to ignite. This phenomenon is called the
ignition delay and the delayed time is called the induction period. Within the explosive
limit, the higher the methane concentration, the longer the induction period; the higher
the flame temperature and the shorter the induction period.

3.3

Gas emission on a heading

Gas emission on a heading is a complicated coupling process between gas and coal,
which involves desorption, adsorption, and diffusion. Gas is generally driven by the
pressure gradient passing through seepage channels and flowing into the mining space.
At the heading, gas emission sources include fallen coal, the coal face, and the
surrounding walls of the roadway. The total gas emission on a heading can be
expressed by the following equation:

Q  Qc  Q f  Qr

(3.6)

where Q is the total gas emission rate at the heading, m3/min;

Qc is the gas emission rate of the fallen coal cut by a continuous miner,
m3/min;
Q f is the gas emission rate from the coalface, m3/min;

Qr is the gas emission rate from the surrounding walls of the roadway, m3/min.

43

Gas emission from fallen coal

The gas emission rate from fallen coal decreases with the exposure time. The
relationship can be described by the following equation (Yang et al. 2009; Yu, QX
1992).

qc  qc 0 (1  t ) c

(3.7)

where qc is the gas emission rate at time t, m3/t;

qc 0 is the gas emission rate at the initial time, m3/t;

t is the exposure time of fallen coal, min;
 c is the decay coefficient.
During roadway tunnelling process, besides the net run time (the time cutting coal),
the recorded delays, unrecorded delays, scheduled downtime, maintenance time,
length of the shift handover and the time for rock bolt installation should all be
considered. Therefore, the advance of the heading is intermittent, and the gas emission
rate of fallen coal is not uniform. As the heading advances, the gas emission changes
in a zig-zag pattern, increasing to the maximum value of qc ; then decreasing according
to Eq. (3.7) during the delay time; and then increasing to qc at the time of next cutting.
For the sake of simplicity, in this thesis, the development of a roadway is treated as
continuous. The coal is being cut at a constant speed, and the heading advances with a
constant speed. The gas emission rate of fallen coal is considered to be constant and
equal to qc 0 . Similarly, the gas emission rate from the coalface is also constant. The
gas emission rate of the fallen coal would be as follows:

Qc  qc mc  qclhva

(3.8)

where Qc is the gas emission rate of the fallen coal, m3/min;

mc is the mass of the cutting coal per minute, t/min;

l is the width of the heading, m;
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h is the height of the heading, m;
va is the advance distance per minute, m/min;

 is the bulk density of coal, t/m3.
According to the data collected from Mine B, the gas emission rate of 28 coal samples
from 909 development is summarised in Table 3.1. As shown in Table 3.1, the average
gas emission rate is 1.6 m3/t.

Table 3.1 Gas emission rate of coal samples
Sample

Gas emission (m3/t)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

2.34
2.5
1.69
2.57
1.69
2.2
1.44
1.46
1.54
2.14
1.7
1.69
2.26
1.66
Average emission (m3/t)
Gas content of 909 development samples (m3/t)
% lost during cutting

Sample Gas emission (m3/t)
15
16
17
18
19
20
21
22
23
24
25
26
27
28
1.6
4
40%

1.26
1.66
1.46
1.28
1.67
1.28
1.03
0.97
1.26
0.94
1.75
1.08
0.82
1.12

In Mine B, the heading roadway for the panel is 5.2 m wide and 3 m high. The
development rate is 200 m/week, for a seven-day week. So the development rate of
the heading is va  200m/week , or 0.01985 m/min. The density of coal is 1.4 t/m3.
Thus, by substituting these data into Eq. (3.8), the gas emission rate from fallen coal
is 0.6944 m3/min.
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Gas emission from the coalface

The gas emission rate from the coalface can be calculated as follows:

q f  q f 0 (1  t )

 f

(3.9)

where q f is the gas emission rate at time t, m3/(m2·min);
q f 0 is the gas emission rate at the initial time, m3/( m2·min);

t is the exposure time of the coalface, min;
 f is the decay coefficient.

According to Section 3.3.1 of this thesis, the coalface is being cut continuously and
the gas emission rate from the coalface is considered to be constant and equal to q f 0 .

According to the study of Wang (2013), the gas emission rate at a coalface can be
expressed as follows:


  60 x  13  


0
Q f   A  A exp   
    lhva
  va t0   




(3.10)

where Q f is the gas emission rate from the coalface, m3/min;
A is the coal seam gas content, 4 m3/t;
x0 is a distance constant of the face, 4 m;
t0 is a time constant of degassing, 1.8  105 s.

va is the development rate, m/min;

 is the bulk density of coal, t/m3;
l is the width of the heading, m;
h is the height of the heading, m;
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By substituting the values of the parameters into Eq. (3.10) , the gas emission rate from
the coalface is 0.5791 m3/min.

The area of the heading is as follows:

S  lh

(3.11)

The gas emission rate per square metre is as follows:


  60 x  13  


0
 A  A exp   
    lhva

  va t0   
  60 x  13  
Q f 




0
qf 0 

  A  A exp   
    va
  vat0   
S
lh




(3.12)

With values of Q f = 0.5791 m3/min, l = 5.2 m, and h = 3 m, q f 0 is calculated to be
0.03712 m3/(m2·min).

Gas emission from surrounding walls

As the roadway is excavated in the coal seam, the floor, roof and ribs will all emit gas.
The gas emission rate from the wall just exposed by the coalface is equal to the
emission rate of the coalface. So,

qr 0  q f 0

(3.13)

And

qr  qr 0 (1  t ) r

(3.14)

where qr is the gas emission rate at time t, m3/(m2·min);

qr 0 is the gas emission rate at the initial time, m3/( m2·min);

t is the exposure time of the roadway walls, min;
 r is the decay coefficient.
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The exposure time t and the distance L away from the heading can be expressed as
follows:

t

L
va

(3.15)

Thus，

qr  qr 0 (1 

L  r
)
va

(3.16)

As the perimeter of the roadway is C  2  l  h  , the gas emission rate dQr at a
distance of L for a dL length is as follows:

dQr  qr cdL  2  l  h  qr 0 (1 

L  r
) dL
va

(3.17)

It is known that the decay coefficient  r changes with coal seam geology and coal
properties. According to the field monitoring work conducted by Yang et al. (2009), a
decay coefficient of 0.66 is used in this study. Although the selection of  r is
questionable for some headings, the aim here is to show the methodology used to
determine the gas emission rate on a heading at different positions.

Thus the gas emission rate per metre at the location of distance L is as follows:

Qrl  2  l  h  qr 0 (1 

L  r
)
va

(3.18)

By substituting the values of the parameters into Eq. (3.18) , the relationship of gas
emission rate over distance can be expressed as Eq. (3.19). This is shown in Figure 3.3.

Qrl  0.608768  (1  50.377833L)0.66 m3 /  m  s 
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(3.19)

Figure 3.3 Gas emission rate variation plotted with roadway distance

From Figure 3.3, it can be seen that the gas emission rate decreases rapidly in the first
metre from the heading. By about 10 m, the emission rate has reached a very low value
decreasing to nonsignificant values after about 50 m.

The total gas emission rate from the surrounding walls of the heading is as follows:

Qr   dQ  
r

Lmax

0

qr cdL  2  l  h  qr 0 

Lmax

0

(1 

L  r
) dL
va

(3.20)

For the studied heading, an Lmax of 100 m is used. Solving the equation, one gets a
value for Qr of 0.6095 m3/min.

Total gas emission rate on a heading

The total gas emission rate on a heading is expressed as follows:

49


  60 x  13  
Lmax
L  r


0
Q  Qc  Q f  Qr  qclhva   A  A exp   
    va  2  l  h  qr 0 0 (1  ) dL
va
  va t0   




(3.21)
As Qc is 0.6944 m3/min, Q f from coalface is 0.5791 m3/min, and Qr is 0.6095 m3/min,
the total gas emission rate on the heading is 1.883 m3/min or 31.38 l/s, a value which
is close to the monitor data of 30 l/s from the Mine B.

3.4

Gas emission and migration in a goaf
Gas emission in a goaf

The gas in the goaf can be a dangerous source for goaf fires and explosion. It can also
be a reason for gas exceeding the limit on the working face. The gas emission sources
in a goaf include, residual coal in the goaf, maingate and tailgate road ribs, immediate
roof or floor in the goaf, remote roof or floor seams, and leakage from adjacent sealed
goafs. According to measurement data, the whole gas emission amount in the goaf can
be calculated. However, the gas emission amount from each emission source cannot
be calculated. As the gas emission from residual coal, roof and floor are relatively
large; it is assumed that gas emission is from three sources, floor, roof, and residual
coal and gas emission is uniformly distributed in each source.

Gas migration in a goaf

The mine goaf is filled with falling strata and some residual coal, which is filled with
pores and fissures. It is not the same as the roadways or coal seam. The pores between
the falling strata and residual coal are narrow relative to the entire goaf to which it is
connected. Therefore, the goaf is filled with porous media and in the numerical
simulation, the goaf area is considered to be a porous media region.

Momentum loss which includes viscous and inertial loss, should be considered in the
study of gas migration in the porous media. The following governing equation should
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be satisfied (Hu et al. 2007; Li & Liu 2018; Ren & Edwards 2000; Ren et al. 2018;
Zhang et al. 2015):

The mass conservation equation:


    v   Sm
t
where

(3.22)

t is time;

v is the gas velocity;

 is the density of the gas mixture;
Sm

is the gas mass change in the goaf.

Momentum conservation equation:


  v      vv   p     g  Si
t
where

(3.23)

p is the static pressure;
τ is tensor of stress;

 is the density of the gas mixture;
g is the gravitational constant;
Si is the momentum loss due to gas migration in the goaf porous media.
1


Si    C1 vi  C2  vi vi  ,  i  x, y, z 
2


where μ is the viscosity of gas mixture;
vi is the velocity component in the ith direction;
C1 is the viscosity loss coefficient, C1  1  ;
C2 is the inertial resistance factor, C2  1 100 ;
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(3.24)

ρ is the density of the gas;

vi

is the magnitude of the velocity component in the ith direction;

α is the permeability.

Spatial distribution of permeability

The gas migration in the goaf is mainly affected by the strata permeability and pressure
differential between two points, the former is affected by the stress disturbance and
fracture distributions generated by mining activity. It is generally known that fractures
and joints can increase the strata permeability.

As a result of mining activity, the overlying strata in the mining area can cave-in and
deform. In the vertical direction, its area being mined can be divided into a caved zone,
a fractured zone, and a continuous deformation zone. In the horizontal direction, it can
be divided into the coal support area, the separation area and the recompacted area,
shown in Figure 3.4.

Figure 3.4 The three vertical and three horizontal zones after coal extraction
(Gao & Shi 2003; Peng & Chiang 1984)
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The fracture distribution in the strata plays an important role in affecting the strata
permeability. Based on an image analyses technique applied to physical modelling,
Sun et al. (1992) studied the caving and fracturing mechanisms in a longwall goaf.
They found that: (1) the fracture density decreases as the height above the seam
increases; (2) the fracture distribution is symmetrical about the centre of the goaf; (3)
and horizontal fractures develops significantly better than vertical fractures.

According to the distribution of strata fractures, it is easy to characterize the
permeability changes in the goaf. However, the permeability value is difficult to
determine by field measurement. Geomechanical models have been used to estimate
the goaf permeability. Ren et al. (1997) used permeability values from 10-10 to 10-15
m2 for gas flow simulation. Whittles et al. (2006) estimated the goaf permeability to
range from 5×10−7 m2 to 1×10−8 m2. Karacan et al. (2007) adopted 10−9 m2 in the
horizontal direction and 10−11 m2 in the vertical direction for borehole drainage in the
caved zone. Yuan and Smith (2008) used permeability values from 2.97 × 10−8 to 8.42
× 10−7 m2 and porosity values from 0.17 to 0.41 in a spontaneous heating study. Qin
et al. (2015) used permeability values from 10−4 to 10−7 m2 for the caved zone, from
10−6 to 10−11 m2 for the fractured zone and from 10−11 to 10−13 m2 for the continuous
deformation zone in a study of the gas flow in a longwall goaf. These permeability
differences reported above can be attributed to different geological and mining
conditions in the studies. The reason for the wide range and the differences in
permeability values in the literature is that geological conditions and mining
parameters vary significantly. In this thesis, the goaf was divided into four parts by the
two middle lines above the floor. In each part, the permeability was calculated using
Eq. (3.25).

  10a1a2*tanh Zi Z0  az1*Yi Y0  ay 0.50.5Yi Y0  ay *tanh Xi  X 0  ax1 ,Zi  Z02Z1, Xi  X02 X1 
  10a1a2*tanh Z1Zi  az 2 *Yi Y0  ay 0.50.5Yi Y0  ay *tanh Xi  X0  ax1 ,Zi  Z0Z1, Xi  X0  X1 
  10a1a2*tanh Zi Z0  az1*Yi Y0  ay 0.50.5Yi Y0  ay *tanh X1 Xi  ax 2  ,Z  Z02Z1, X  X02 X1 
 a a *tanh Z Z  a *Y Y  a 0.50.5Y Y  a *tanh X  X  a  i Z 2Z i X 2 X 
i 0 y
1 i x2
, Zi  0 1 , X i  0 1 
  10 1 2 1 i z 2 i 0 y
2
2

(3.25)
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where

 is the permeability of the goaf area;
a1 , a2

represent the constants which depend on the maximum and minimum

degree of compaction;
X i , Yi , Z i are the coordinates of any position in the goaf in the direction of the

face length, face height and face retreat respectively;
X 0 , Y0 , Z 0 are the coordinates at the start of the goaf (i.e. far away from the

working face);
X1 represents the x coordinate at the goaf immediately behind face;
Z1

represents the z coordinate at the other side of the goaf;

ax1 , a x 2 , a y , az1 , a z 2

are coefficients of permeability change in the x, y and

z directions at the relevant area.

Under the floor, the permeability was divided into three layers. From top to bottom,
the permeability values are 10-9, 10-10, 10-11, respectively.

According to Eq. (3.25), the permeability index at 1.0 m above the floor is shown in
Figure 3.5. It can be observed that permeability around the goaf perimeter is relatively
higher and form an “O” ring area. The area with permeability lower than 10−9 m2 is in
the centre of the goaf about 50 m inward shrink from the goaf perimeter.
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(a) 3D view

(b) Plan view
Figure 3.5 Permeability index distribution at 1 m above the floor in the goaf
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3.5

Gas flow after a coal and gas outburst
Gas concentration variation after coal and gas outburst

Since a coal and gas outburst will destroy any gas monitoring system, there is less
information on the variation of gas concentration over time. As the sensor of the gas
monitor has a certain scale, the gas concentration value cannot be read when it reaches
over the sensor scale. These two reasons make it hard to obtain the gas concentration
variation after a coal and gas outburst using field measurement.

Zhao and Dong et al. (Dong & Liang 2001; Zhao & Liang 2008) studied the gas
concentration in a roadway after a coal and gas outburst. They found that in a short
period after a coal and gas outburst, the concentration of gas in the roadway can rise
sharply to the maximum value at the monitoring site. After a certain time, it was found
that the gas concentration decreases from the maximum value to a very low one very
quickly with the rate of descending reducing gradually until the gas concentration
reaches and holds at a stationary value. Dong and Liang (2001) also compared the
power, exponential and logarithmic functions for the regression analyses of gas
concentration after a coal and gas outburst. They found that the power function is the
best one to fit the monitoring data. The power function is expressed as follows:
Q=at-b

(3.26)

where Q is the gas emission amount at time t, m3;
t is the outburst time, min;
a, b are the constants determined by the gas content and coal structure.

Figure 3.6 and Figure 3.7 show the measured gas concentrations in the Zhongliangshan
and Dalaganda coal mines after an outburst with above equation fitted to the data
(Dong & Liang 2001).
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Figure 3.6 Methane fraction variation curve at the Zhongliangshan south
ventilation roadway after an outburst (Yu 2005)
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Gas release velocity variation after coal and gas outburst
According to Section 3.3 and 3.5.1 of this thesis, the gas emission rate from the coal
face and the gas concentration in the roadway after a coal and gas outburst are both in
accord with a power function. Therefore, it is reasonable to consider the release
velocity of gas during a coal and gas outburst is in accord with a power function.

It is much harder to monitor the gas velocity at the outburst location as there may be
no monitor probes placed or they can be destroyed as a result of fragmented rock/coal
falling on them. In this study, it is assumed that the gas release velocity is expressed
by Eq. (3.27).

at  ,0tt1
at1 ,t1tt2
bt  ,t2tt3
1

{

v(t)

where

1

(3.27)

2

t is the time after outburst;
v (t ) is the gas velocity at time t;

a , b , 1

and  2 are constants and at11  bt2 2 .

Thus, the total outburst gas is as follows:

t3

Q   r 2  v(t )dt   r 2
0



t1

0

t3

at 1 dt  at11 (t2  t1 )   bt 2 dt
t2



(3.28)

In the mine colliery of South32 company, two coal and gas outbursts happened one
after another. The first outburst occurred on 23rd December 2016 releasing about 65
tonnes of coal and 670 m3 of gas. The second outburst that occurred on 4th January
2017 released about 200 tonnes of coal and 6600 m3 of gas. In this thesis, 1100 m3 of
gas is adopted as the whole release volume to simulate a moderate outburst. As the
coal seam contains both methane and carbon dioxide, the released gas is considered to
contain half methane and half carbon dioxide.
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By conducting a similar simulation experiment on coal and gas outburst, Hu (2016)
found that the maximum speed of coal and gas flowing from an outburst is 54.55 m/s
when the gas pressure is 0.53 MPa. The maximum speed of coal and gas flowing out
of an outburst is proportional to the gas pressure (Li & Pan 2007) and the average gas
pressure is 1.92 MPa in the mine colliery of South32. Thus the maximum speed of coal
1.92

and gas flow is vmax  0.53  54.55  198m / s . According to Yu (1992), a coal and gas
outburst usually lasts dozens of seconds. In this thesis, assume that the outburst process
lasts 30.0 s with 6.0 s taken for the gas to arrive at the maximum velocity which lasts
for a further 3.0 s before decreasing. The size of the outburst void is assumed to be 1.0
m in diameter from rough measurement in the mine. According to calculation results,
a=5.5, β1=2, b=2.97×107, β1=-5.424. The outburst gas velocity is expressed by Eq.
(3.29) and shown in Figure 3.8.

5.5t 2
,0t6
198
,6t9
2.97e7t 5.424 ,9t30

{

v(t )

(3.29)

Figure 3.8. Gas release velocity versus time from the outburst event
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3.6

Explosion theory related to the optimum selection of turbulence and
combustion models

In the ANSYS Fluent software, there are several different turbulence models and
combustion models that can be used to simulate a gas explosion. This section will
introduce the theory of each turbulence and combustion models and compare the
differences.

Turbulence models
A turbulence model is defined by a set of equations to determine the evolution of
turbulent transport. Turbulence models are based on hypotheses about the turbulence
processes and require empirical input in the form of model constants or functions.
Some common turbulence models are introduced below.

3.6.1.1 Standard k-ε model

The standard k-ε model, proposed by Launder and Spalding (1972), is a two-equation
turbulence model, i.e. it includes two extra transport equations to describe turbulent
flow properties. The standard k-ε model is a semi-empirical model based on model
transport equations for the turbulent kinetic energy (k) and turbulent dissipation rate
(ε). The standard k-ε model is only valid for fully turbulent flows as the assumptions
during the derivation.

(1) The two transport equations for the model are as follows:
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(3.30)

where Gk is the generation of turbulence kinetic energy due to the mean velocity
gradients calculated by Eq. (3.32) and Eq. (3. 33);

Gb is the generation of turbulence kinetic energy due to buoyancy calculated
by Eq. (3.35);

YM is the contribution of the fluctuating dilatation incompressible turbulence to
the overall dissipation rate;

C1 , C2 and C3 are constants.

 k and   are the turbulent Prandtl numbers for k and ε, and are equal to 1.0
and 1.3, respectively;

S k and S are user-defined source terms.

Gk    ui'u 'j

u j
xi

(3.32)

or

Gk  ut S 2

(3. 33)

where S is the modulus of the mean rate-of-strain tensor, defined as follows:

S  2Sij Sij
Gb   gi

(3.34)

ut T
Prt xi

(3.35)

where  is the thermal expansion coefficient, defined as follows:

1   
   
  T  P

(3.36)

YM  2  M t2

(3.37)

where M t is the turbulent Mach number, defined as follows:
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Mt 

k
a2

where

a is the speed of sound, a 

(3.38)

 RT .

(2) Turbulent viscosity

The turbulent (or eddy) viscosity is calculated as follows:

t   C 

k2


(3.39)

where  t is the turbulent viscosity, C is a constant and equal to 0.09.

3.6.1.2 RNG k-ε model

The RNG k-ε model was developed by Orszag et al. (1993) using the renormalisation
group (RNG) method to derive the instantaneous Navier-Stokes equations. The RNG
k-ε model is more accurate and reliable than the standard k-ε model for a wider range
of flows. The transport equations have additional terms and functions, and the
constants are different compared to the standard k-ε model.

(1) The transport equations are as follows:
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where Gk , Gb , YM C1 , C2 C3  k   . S k and S have the same meaning as in the
standard k-ε model. C1 and C2 are equal to 1.42, 1.68, respectively.

(2) Turbulent viscosity

For low-Reynolds number and near-wall flows, the turbulent (or eddy) viscosity is
expressed as follows:

  2k
d
 



vˆ
dvˆ
  1.72 3
ˆ
v

1

C

v

(3.42)

where

vˆ 

eff


(3.43)

Cv  100

(3.44)

For high-Reynolds number, the turbulent viscosity is as follows:

t   C 

k2


(3.45)

where C is a constant and equal to 0.0845.

3.6.1.3 Realizable k-ε model

The realizable k-ε model contains an alternative formulation for the turbulent viscosity
and the transport equation for the dissipation rate (ε) is derived from an exact equation
for the transport of the mean-square vorticity fluctuation. The model satisfies certain
mathematical constraints on the Reynolds stresses, consistent with the physics of
turbulent flows (Shih et al. 1995).
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(1) The transport equations are defined as follows:
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(3.48)

where Gk , Gb , YM C1 ,  k   . S k and S are the same variables used in the standard
k-ε model. C2 and C1 are constants and equal to 1.9, 1.44, respectively.  k and  
are equal to 1.0 and 1.2 respectively.

(2) Turbulent viscosity
The turbulent viscosity is as follows:

k2
t   C 


(3.49)

Compared to the standard and RNG k-ε models, the C is not a constant. It is
calculated as follows:
C 

1
A0  As

kU 


(3.50)

where

U   Sij Sij  ij ij

(3.51)

and
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ij  ij  2 ijkk

(3.52)

ij  ij  2 ijkk

(3.53)

where ij is the mean rate-of-rotation tensor viewed in a moving reference frame with
the angular velocity k . A0 and As are constants and given as follows:

A0  4.04, As  6 cos 

(3.54)

where

1
3

  cos 1
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(3.55)

Sij S jk Ski
S3

(3.56)
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(3.57)





(3.58)

3.6.1.4 SST k-ω model

The SST k-ω model is a two-equation eddy-viscosity model proposed by Menter
(Menter 1994). The Shear Stress Transport (SST) formulation for turbulent viscosity
makes the model more accurate and reliable for a wider range of flows, such as
gradient flows, airfoils, and transonic shock waves.

(1) The transport equations
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(3.59)



   
     u j       G  Y  D  S
t
x j
x j  x j 

(3.60)

where Gk is the same variable used in the standard k-ε model;

G is the generation of ω;
 k and  represent the effective diffusivity of k and ω;

Yk and Y are dissipation of k and ω due to turbulence;
D is the cross-diffusion term;
S k and S are user-defined source terms.
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where  k and   are the turbulent Prandtl numbers for k and ω, respectively.
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where
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(3.66)
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where y is the distance to the next surface and D is the positive portion of the crossdiffusion term.  k ,1 ,  k ,2 ,   ,1 and   ,2 are constants and equal to 1.176, 1.0, 2.0, and
1.168 respectively.

The dissipation of k is given as follows:
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(3.69)
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The dissipation of ω is given as follows:

Y   f   2

(3.74)

where
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The compressibility function, F  Mt  , is given by

Mt Mt 0
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where
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a   RT
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(2) Turbulent viscosity
The turbulent viscosity is as follows:
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(3.83)

where S is the strain rate magnitude and a  is calculated as follows:
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For the high-Reynolds number flow, a  a  1
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Where y is the distance to the next surface.
Combustion models

The actual combustion process is the result of the interaction of turbulence and
chemical reactions, and the chemical reaction rate of combustion is strongly nonlinear.
The usual chemical reaction mechanism involves dozens of components and hundreds
of primitive reactions. The reaction time scales among these components vary widely
(10-9 to 102 s). In the process of solving practical problems, the amount of calculation
and storage required for a computer are extremely large.
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In ANSYS Fluent software, combustion models use a finite rate combustion model to
simulate a premixed gas explosion. The species transport equation is as follows:


 Yi       vYi     J i  Ri  Si
t

(3.91)

where Ri is the net rate of production of species i by chemical reaction;

Si is the rate of creation by addition from the dispersed phase and the userdefined source;

J i is the diffusion flux of species i.

The reaction rates Ri can be calculated by several different models in ANSYS Fluent
software: direct use of finite-rate kinetics, the Eddy-Dissipation model, the Finiterate/Eddy-Dissipation Model and the Eddy-Dissipation-Concept (EDC) model.

3.6.2.1 Laminar finite-rate model

The laminar finite-rate model uses the Arrhenius rate. Here the effect of turbulent
fluctuations on kinetics rates is neglected. This model is suitable for combustion
simulation with slow reactions and less turbulent pulsation.

The net source of chemical species i due to reaction is calculated as follows:

NR

Ri  M w,i  Rˆi ,r

(3.92)

r 1

where M w,i is the molecular weight of species i and Rˆi ,r is the molar rate of
creation/destruction of species i in reaction r, calculated as follows:
N
N
 'j ,r
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(3.93)

'
where vi ,r is the stoichiometric coefficient for reactant i in reaction r;

vi'',r is the stoichiometric coefficient for the product i in reaction r;

k f , r is the forward rate constant for reaction r;
kb , r is the backward rate constant for reaction r;

C j ,r is the molar concentration of species j in reaction r;

 'j ,r is the rate exponent for reactant species j in reaction r;
 ''j ,r is the rate exponent for product species j in reaction.

3.6.2.2 Eddy-Dissipation Model

The reaction rates of the Eddy-Dissipation Model (Magnussen & Hjertager 1977) are
controlled by the turbulence and ignore the effect of chemistry timescales. The net rate
of production of species i due to reaction r is the smaller of the two values calculated
in Eq. (3.94) and Eq. (3.95), as follows:

 Y
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j

where YP is the mass fraction of any product species P ;

Y is the mass fraction of a particular reactant;

 ; A is an empirical constant equal to 4.0;
B is an empirical constant equal to 0.5.
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3.6.2.3 Finite-rate/Eddy-Dissipation Model

The net reaction rate of the Finite-rate/Eddy-Dissipation model is taken as the
minimum of the finite-rate reaction rates (Eq. (3.92)) and the eddy-dissipation rates
(Eq. (3.94) or Eq. (3.95)). The finite-rate kinetics acts as a kinetic “switch” to prevent
reactions before the flame holder. The Eddy-Dissipation rate is generally smaller than
the Arrhenius rate after the flame is ignited.

3.6.2.4 Eddy-Dissipation Concept Model

The Eddy-Dissipation-Concept (EDC) model is extended from the Eddy-Dissipation
model to include the detailed chemical mechanisms in turbulent flows (Magnussen
1981). The EDC model assumes that the reactions occur in the small turbulent
structures which are called fine scales (Gran & Magnussen 1996). The EDC model can
only be used if rapid chemical reactions are assumed to be ineffective. This model
takes up a lot of computer memory.

3.7

Summary

This chapter has mainly focused on the theoretical study related to gas emission and
explosions in underground coal mines and their simulation using ANSYS Fluent
software.

Firstly, the general theories of gas emission and explosion were introduced. The gas is
generated during the coalification process in two ways, through biological and
thermogenic actions. The gas is stored in a coal seam in four different ways as adsorbed
gas, trapped gas within matrix porosity, free gas and dissolved gas in coal fracture
water. The gas transport in coal involves three processes, desorption from the internal
coal surfaces, diffusion through the matrix and micropores and Darcy flow in the
natural fracture network. A mine gas explosion is a thermal-chain reaction process
involving dozens of species and hundreds of reactions. For simplification, a one-step
reaction mechanism was adopted.
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The gas emission rate on a heading from fallen coal, the coalface, and surrounding
walls was analysed. The gas emission rate at different distances from the heading was
derived. The gas emission rate decreases as the distance from a heading increases and
follows a power function. The gas emission rate in a specific heading was calculated
to provide initial data for CFD simulation.

The gas emission and migration in a longwall goaf were then studied. The gas emission
sources were simplified for three locations: roof, residual coal, and floor. The goaf
area is considered to be a porous media region and momentum loss including viscous
loss, and inertial loss should be considered in the gas migration process. The
permeability of the goaf area, which has an important influence on gas migration, was
calculated using equations in four parts separated by the centre line of the goaf.

Furthermore, the gas release velocity after a coal and gas outburst was analysed based
upon the gas emission rules and some historical gas outbursts. The gas velocity during
the increasing stage and decreasing stage of an outburst obey power functions. A gas
release curve was drawn according to a given total gas release volume.

Lastly, four different turbulence models and combustion models which are popularly
used for gas explosion simulation in ANSYS Fluent software were introduced. These
provide the foundation for the optimum selection of turbulence and combustion
models.
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4 OPTIMUM SELECTION OF TURBULENCE AND COMBUSTION
MODELS FOR GAS EXPLOSIONS
4.1

Introduction

The most commonly used commercial computational fluid dynamics (CFD) software
packages for simulating a gas explosion are ANSYS Fluent, FLACS, AutoReaGas,
PHOENICS, EXSIM, and COBRA. Each software package has its own advantages
and disadvantages. The ANSYS Fluent software package can not only be used in gas
explosion simulation, but also in the area of gas emissions, dispersion and outburst
simulation. So in this thesis, the ANSYS Fluent software was adopted.

This chapter will firstly introduce the ANSYS Fluent software package and its
governing equations, numerical methodology, mesh methodology, boundary
conditions, postprocessing, errors handling and uncertainties. This chapter then
compares the simulation results of different turbulence and combustion models to the
results of experiments for a gas explosion. An optimum model was selected to simulate
gas explosions and used for further analyses in this thesis.

4.2

Introduction to ANSYS Fluent software

ANSYS Fluent software is a state-of-the-art CFD program for modelling fluid flow,
heat transfer and chemical reactions in diverse fields such as vehicle engineering,
aircraft engineering, building ventilation, processing engineering, and mining
engineering.

The fluid flow in the ANSYS Fluent software is described by equations that include
conservation of mass, momentum, species, and energy. The following sections provide
a brief description of how the program operates and is based on manuals that come
with the software package. (ANSYS 2016).
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The governing equations
The governing equations are partial differential equations that are solved algebraically
in CFD solver (Anderson & Wendt 1995).
4.2.1.1 The continuity equation

All fluid flow must obey the mass conservation law (also called the continuity
equation), which means that the change of mass in the fluid element must be equal to
the net mass rate of flow into or out of the fluid element. The mass conservation
equation in a finite volume can be expressed in following differential form using the
Reynolds transport theorem:


   (  u)  0
t

(4.1)

where ρ is the fluid density;


is the change of density over time;
t
u is the velocity vector;
  (  u) represents the net flow of mass in and out of the fluid element.

For incompressible flows, Eq. (4.1) can be writen as follows:
  (  u)  0

(4.2)

Alternatively, in three dimensions using Cartesian coordinates,

u v w
 
0
x y z

(4.3)

4.2.1.2 The momentum conservation equation

The momentum conservation equation states that the rate of change in momentum over
time must be equal to the sum of forces acting on the fluid. The momentum
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conservation equation is well known as the Navier-Stokes equation, expressed as
follows:

(

u
 u u)  p   2u  F
t

(4.4)

where ρ is the fluid density;
u is the velocity vector of the fluid particle,
∇p is the pressure gradient;

 is fluid viscosity, and F is the body force vector;


u
and  u  u represent force components due to momentum change and
t

convective acceleration, respectively, and the two terms together represent the
force from the inertial effect;

 2u

represents the viscous force.

4.2.1.3 The energy conservation equation

The first law of thermodynamics states that the change in energy of a fluid system is
equal to the heat added to the system plus the work done on the fluid or by the fluid
system. If the flow is compressible or a temperature gradient exists in the flow domain,
the energy equation must be solved. The energy conservation equation can be
expressed as follows:
N



  E      V   E  p       kT   hi J i   T  V    Sh
t
i 1



where S h is a volumetric heat source,

kT represents the conduction in the fluid;
N

hJ
i 1

i

i

is the enthalpy transfer by diffusion;

T  V is the viscous dissipation by the flow field.
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(4.5)

4.2.1.4 The species conservation equation

Similar to the conservation of mass, molecules of individual species must be constant
within a control volume. If chemical reactions occur within the control volume, the
mole fraction of each species may change within the volume. The conservation of
species is described as follows:


 Yi       VYi     J i  Ri  Si
t

(4.6)

where Yi is the mass fraction of species i;

J i is the mass diffusion flux vector;
Ri is the net rate of production of species i by chemical reaction;
Si is the creation rate of the dispersed phase plus any user-defined sources.

4.2.1.5 The equation of state

For fluid flow, according to the thermodynamic equilibrium, an equation coupling
density, pressure and volume must be used, called the equation of state, and expressed
as follows:

p

nRT
V

(4.7)

where P is the pressure;
n is the mole number;
V is the volume;
T is the temperature;
R is the ideal gas constant (8.314 JK-1mol-1).
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Discretisation method
Because it is not able to solve partial differential equations directly, a discretisation
method is used to get approximate solutions numerically. The most common
discretisation methods are the Finite Difference Method (FDM), Finite Volume
Method (FVM) and Finite Element Method (FEM).

The FVM is the latest advanced algorithm and it is adopted in ANSYS Fluent software.
The FVM divides the solution domain into a finite number of contiguous control
volumes (cells) by grids, as shown in Figure 4.1. Then integration is conducted over
Control Volumes (CV) and calculated using the Gauss’ divergence theorem, expressed
as follows:



   dV    n    u dA   n    dA   S dV
t  CV
A
CV
 A

(4.8)

where n is the vector normal to surface element dA.

Figure 4.1 A representation of structured and unstructured mesh for the FVM
(Tu et al. 2018)
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Meshing

The mesh generation is one of the most important elements in the pre-processes of the
CFD simulation. As explained in section 4.2.2, the fluid domain needs to be divided
into a finite control volume in which the governing equations are solved. The quality
of the mesh is important as it significantly affects the simulation accuracy and
computational time. In ANSYS Meshing, three main mesh statistics are commonly
used to evaluate the mesh quality: orthogonal quality, aspect ratio and skewness
(ANSYS 2016). The orthogonal quality is computed for cells using the vector from
the cell centroid to each of its faces, the corresponding face area vector, and the vector
from the cell centroid to the centroids of each of the adjacent cells (ANSYS 2016).
Aspect ratio is a measure of the stretching of the cell which can be simply calculated
as the ratio of the longest edge length to the shortest edge length (ANSYS 2016). The
aspect ratio should be less than 40. The closer the aspect ratio to 1, the better the mesh
quality. Skewness is defined as the difference between the shape of the cell and the
shape of an equilateral cell of equivalent volume (ANSYS 2016). Figure 4.2 shows the
mesh quality of different orthogonal qualities and skewnesses. Generally, the
minimum orthogonal quality should be high than 0.1, and maximum skewness should
be smaller than 0.95.

Figure 4.2 Orthogonal quality and skewness Guidelines (ANSYS 2016)
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Boundary conditions

Boundary conditions are important in the CFD simulations. These mainly include the
flow inlet, outlet, wall, and interface boundaries.

Inlet boundary conditions define the boundary where the flow goes into the domain.
They include velocity inlet, pressure inlet, mass flow inlet, intake fan and other types.
The outlet boundary conditions define the boundary where the flow goes out of the
domain. They include pressure outlet, outflow, pressure far-field and other types.
Boundary conditions, called the wall, are the most common boundary conditions
encountered in confined fluid flow problems, They define the fluid area and the
boundary of solid and fluid regions.

Post-processing

After finishing a simulation, post-processing is conducted in ANSYS CFD-Post, a
post-processing module integrated into ANSYS software packages, to visualise and
further analyse the results. In ANSYS CFD-Post, many methods are provided to
display the CFD results, such as contours, vectors, iso-surfaces, and streamlines. Postprocessing aims to show the simulation results visually by graphs, curves or
animations so that a better understanding of the fluid flows can be obtained. Through
these visualizations, it is easy to identify problems encountered in fluid flow, which is
conducive to minimizing and eliminating undesirable phenomena.

Errors and uncertainties

As mentioned earlier, the equations governing fluid flow and related processes can be
approximately solved by the CFD method, while the exact solution still cannot be
obtained. At present, it is generally accepted that the difference between approximate
and exact solutions is divided into two categories: error and uncertainty (Versteeg &
Malalasekera 2007). Error is defined as the identifiable defects in CFD models, not
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because of lack of knowledge, and uncertainty is defined as potential defects in CFD
models because of lack of knowledge (AIAA 1998). By definition, the reasons for
errors include numerical errors, coding errors, and user errors. The numerical error can
be subdivided into rounding error, iteration error and discrete error. The main sources
of uncertainty are input uncertainty and physical model uncertainty (Versteeg &
Malalasekera 2007).

As the errors and uncertainties are inevitable in CFD modelling, researchers have
developed strict methods, termed “verification” and “validation”, to evaluate the errors
and uncertainties during the CFD modelling. In the context of CFD modelling,
verification is the process of determining if the implementation of the model accurately
represents the model conceptualises by the developer and subsequent solution, while
validation is the process of determining if the accuracy of the model represents the real
world. (Oberkampf & Trucano 2002).

Hence, the verification process quantifies the errors in the model while the validation
process quantifies its uncertainties. In general, the verification process has been
performed by the developer of the CFD software. During a simulation using this
software, the user can conduct verification by using, for example, different precision
levels, refining the mesh size, and changing discretisation schemes. Validation is
commonly conducted by comparing the simulation results with experimental results
or analytical results. In the mining industry, especially for the gas outburst and
explosion aspects, due to the high cost and risk, model validation is usually achieved
by comparing the simulation results with the monitored data in the field or the
experimental results conducted by some other researchers (Ren & Balusu 2010).

After completing the required verification and validation processes, users will be more
confident in trusting the simulation results. Comprehensive post-processing and
analyses can then be performed to obtain a better understanding of the fluid flow and
related processes.

81

CFD simulation considerations

Some things need to be considered before starting a numerical simulation, such as the
results need to achieve, the simplifications and assumptions need to make, the physical
models should be included, the accuracy of the model and computing power of a
computer and the time for simulation. Then, the computational domain should be
determined with appropriates boundary conditions. When creat the mesh for the
domain, the grid density and mesh type should be selected appropriately according to
the geometric features of the domain and variable gradients, such as speed, pressure,
and temperature gradients. During the calculation, the residual error and interested
physical quantity should be monitored to make sure the calculation has reached
stability and global conservation.

The CFD models should be validated by laboratory experiments and field monitoring
data. After validation, the results from the CFD model is reliable to research and
interpret the mine safety issue, thus contribute to the improvement of safety and health
management for underground coal mine workers.

4.3

Optimum selection for turbulence and combustion models

Because different turbulence and combustion models are used for gas explosion
simulation by different researchers, it is necessary to select an optimum turbulence and
combustion models. Therefore, a comparative experiment was conducted based on a
large scale experiment.
Large-scale experiment

The large-scale experiment was conducted by Si (2007) in the gas-dust explosion
preventing and controlling engineering laboratory of the Chongqing Branch of China
Coal Research Institution. This laboratory is the only large-scale laboratory in China
and is the largest scale one in the Asia-Pacific region. The total length of the tunnel is
896 m, and the length for the explosion is 710 m. The tunnel is a semi-circular arched
roadway with a cross-section of 7.2 m2 (3.2 m width, 2.6 m height and radius of 1.6
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m). The cross-section of the experimental tunnel is shown in Figure 4.3. During the
explosion test, one end of the tunnel was sealed with an explosion door, and the other
end was set to open. A 100 m3 mixture of air and methane having a methane mass
fraction of 5.3% was released 14 m from the explosion door. An electric igniter with
2 J energy was located at the closed end of the tunnel to ignite the gas explosion.
Pressure monitoring probes were set along the ribs of the tunnel at 10 m, 20 m, 30 m,
and 40 m from the sealed end and then every 20 m thereafter along the length of the
tunnel.

Figure 4.3 Cross-section of the experimental roadway

Design of comparative experiment

As discussed in Section 3.6 of this thesis, there are four turbulence models generally
used to simulate a gas explosion: Standard k-ε model, RNG k-ε model, Realizable k-ε
model and SST k-ω model. As for the combustion model, because the Laminar finiterate model is suitable for combustion simulation with slow reaction and less turbulent
pulsation and the EDC model can only be used if rapid chemical reactions are assumed
to be ineffective, only the Finite-rate/Eddy-Dissipation Model and the Eddydissipation Model are studied in this section. A 4×2 comparative experiment was
designed to select the optimum turbulence and combustion models, as shown in Table
4.1.
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Table 4.1 Comparative experiment for model selection
Test No.

Turbulence model

Combustion model

No.1

Standard k-ε model

Finite-rate/Eddy-Dissipation Model

No.2

Standard k-ε model

Eddy-dissipation Model

No.3

RNG k-ε model

Finite-rate/Eddy-Dissipation Model

No.4

RNG k-ε model

Eddy-dissipation Model

No.5

Realizable k-ε model

Finite-rate/Eddy-Dissipation Model

No.6

Realizable k-ε model

Eddy-dissipation Model

No.7

SST k-ω model

Finite-rate/Eddy-Dissipation Model

No.8

SST k-ω model

Eddy-dissipation Model

Development of CFD model
4.3.3.1 Overview of the tunnel model and mesh

Modelling of the explosion along the total 896 m length is too complex and
unnecessary. For the sake of simplicity, only 200 m was modelled using a threedimensional (3D) CFD model, as shown in Figure 4.4. The whole domain of the tunnel
model is discretised by numerical meshes. The meshes were generated in the ANSYS
Meshing by the hex-dominant method. Part of the meshes is shown in Figure 4.5.
Three different meshing sizes were employed to model for verifying the mesh
independence of the solution with 2.22 million, 3.45 million and 5.1 million control
volumes respectively. These are denoted as coarse, medium, and fine meshes
respectively.

Figure 4.4 The three-dimensional (3D) CFD model
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Figure 4.5 The meshes of the CFD model

4.3.3.2 Initial and boundary conditions

The model is a straight tunnel with an open end and a sealed end. The open end is set
as a pressure outlet, and the sealed end is set as a wall. The surrounding ribs of the
tunnel are also set as a wall. The airflow is neglected before the explosion. The initial
temperature and gauge pressure are set at 25°C and 0 Pa, respectively. The premixed
methane-air mixture fills the first 14 m of the tunnel from the sealed end. Methane
makes up 9.5% of the mixture by volume. The walls are set as adiabatic and non-slip
wall conditions. “Monitoring probes” were also set during the simulation at the same
locations as in the experiment. The transient calculation method was adopted for the
calculation and the time step was set at 10-3 s, 5×10-4 s, 10-4 s and 5×10-5 s, respectively,
for the time independence study.

4.3.3.3 Mesh and time-step independence study

The meshes used for the model have a significant influence on the simulation results,
because mesh size can affect the discretisation and the round-off errors during the
simulation. Generally, the denser the mesh, the more accurate the result. However, the
more the number of grid cells, the more simulation time that is needed. In general, a
mesh independence check is conducted to make sure that the simulation results do not
change much with a significant increase in the number of grid cells. This ensures that
the results of the simulation are independent of the grid size.
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Mesh independence was investigated by comparing the maximum overpressure at
“monitoring points” with models of different mesh sizes. Figure 4.6 shows the results
of three simulations using the coarse, medium and fine meshes. It can be seen that the
maximum velocities obtained in all three simulations are very similar from 40 m. The
difference in velocity is also very small between the medium and fine meshes before
40 m. The results show that a mesh-independent solution can be obtained by using a
medium mesh. The mesh size and control methods used in this chapter are also used
in other models with hexahedral mesh in this thesis.

Figure 4.6 Peak pressure of models with different mesh sizes

As for the time step size, it is suggested to set time step size at least one order of
magnitude smaller than the smallest time constant in the simulated model. A criterion
is provided by ANSYS Fluent manual that the ideal number of iterations needed for
converge of the solution every time step is from 5 to 10 iterations. It is hard to control
the number of iterations to be 5 to 10 at each time step. In this study, the time step is
adopted 10-4 s which was determined by the time step independence study. Figure 4.7
shows the peak overpressure measured at three locations along the tunnel (100 m, 120
m and 140 m away from the sealed end) in the gas explosion simulation using different
time-step sizes. The peak pressure has a similar variation trend at each location when
the time step size decreases from 10-3 s to 5×10-5 s. When the time step size decreases
from 2×10-4 s to 10-4 s, the peak pressure difference is small. However, the peak
pressure decreases when the time step size decreases from 10-4 s to 5×10-5 s. This
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indicates that a time step size of 5×10-5 s is too small for this model. The time step size
can be set at 10-4 s.

Figure 4.7 Peak pressure of models with a different time step size

Turbulence and combustion model selection and validation

To select the optimum turbulence and combustion models, the eight model
combinations presented in Table 4.1 were assessed. The maximum overpressures were
monitored at the same location as in the experiment. Except for the experimental
results, a numerical simulation result obtained by AutoReaGas software is also
provided as a reference value (Qu 2009). Table 4.2 shows the comparison of the
simulation results with the experimental result (Error1) and AutoReGas result
(Error2). The results are also plotted visually in Figure 4.8. It can be seen from the
table that the maximum overpressures calculated by the SST k-ω combined with EDM
model agree well with the experimental results with an average error of 6.0%. The
AutoReaGas results gave an average error of 3.7 %. However, the errors at locations
of 10 m, 20 m, 30 m, and 40 m from the site of the explosion are much higher, reaching
more than 10%. This indicates that the gas explosion simulation has better agreement
with the real experiment after a distance of about ten times the section width. The
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average errors of all other model combinations are larger than 20. Thus, the SST k-ωEDM model combination can be used to simulate reasonably well gas explosion
propagation in underground coal mines.

Table 4.2 Maximum overpressure of experiment and simulation after gas
explosion
Monitoring point
(m)
Experiment (kPa)
AutoReaGas (kPa)

10

20

30

160
174

163
175

167
177

192
20.0

170
4.3

155
-7.2

10.3

-2.9

12.4

Value (kPa)
Error1 (%)
Error2 (%)

204
27.5
17.2

212
30.1
21.1

250
49.7
41.2

Value (kPa)

184
15.0

164
0.6

152
-9.0

5.7

-6.3

14.1

Value (kPa)
Error1 (%)
Error2 (%)

198
23.8
13.8

217
33.1
24.0

274
64.1
54.8

Value (kPa)

178
11.3

158
-3.1

2.3

-9.7

146
12.6
17.5

Value (kPa)
Error1 (%)
Error2 (%)

190
18.8
9.2

206
26.4
17.7

261
56.3
47.5

Value (kPa)

192
20.0

166
1.8

10.3

-5.1

150
10.2
15.3

180
12.5
3.4

182
11.7
4.0

Value (kPa)
Error1 (%)
Error2 (%)

Error1 (%)
Error2 (%)

Error1 (%)
Error2 (%)

Error1 (%)
Error2 (%)
Value (kPa)
Error1 (%)
Error2 (%)

184
10.2
4.0

40

60

100

120

140

160

168
163
145
137
181
169
151
142
Standard k-ε, FR/EDM
142
121
107
97
15.5 25.8 26.2 29.2
21.5 28.4 29.1 31.7
Standard k-ε, EDM
249
209
186
170
48.2 28.2 28.3 24.1
37.6 23.7 23.2 19.7
RNG k- ε, FR/EDM
140
121
108
99
16.7 25.8 25.5 27.7
22.7 28.4 28.5 30.3
RNG k-ε, EDM
279
234
208
189
66.1 43.6 43.4 38.0
54.1 38.5 37.7 33.1
Realizable k-ε, FR/EDM
133
116
103
94
20.8 28.8 29.0 31.4
26.5 31.4 31.8 33.8
Realizable k-ε, EDM
267
221
193
174
58.9 35.6 33.1 27.0
47.5 30.8 27.8 22.5
SST k-ω, FR/EDM
136
116
103
93
19.0 28.8 29.0 32.1
24.9 31.4 31.8 34.5
SST k-ω, EDM
186
166
150
139
10.7 1.8
3.4
1.5
2.8
-1.8
-0.7
-2.1

131
139

129
133

126
128

89
32.1
36.0

83
35.7
37.6

78
38.1
39.1

160
22.1
15.1

152
17.8
14.3

149
18.3
16.4

91
30.5
34.5

85
34.1
36.1

80
36.5
37.5

175
33.6
25.9

166
28.7
24.8

160
27.0
25.0

86
34.4
38.1

80
38.0
39.8

76
39.7
40.6

160
22.1
15.1

150
16.3
12.8

144
14.3
12.5

85
35.1
38.8

80
38.0
39.8

75
40.5
41.4

130
-0.8
-6.5

125
-3.1
-6.0

120
-4.8
-6.3

88

80

Average
error (%)

23.4
24.9

29.4
23

22.1
24.4

40.1
33.2

24.9
27.2

30.9
24.3

25.5
27.3

6.0
3.7

Figure 4.8 Maximum pressures of experiment and simulation after a gas
explosion

4.4

Summary

This chapter firstly provides a brief introduction to the ANSYS Fluent software.
ANSYS Fluent software is a state-of-the-art CFD program for modelling fluid flow
and gas explosions. The governing equations of fluid flow and chemical reactions were
first introduced. Then the discretization and numerical methods developed to solve
these equations were described. The meshing criteria for the modelled domain and the
boundary conditions set for the domain were then discussed. Following this, the postprocessing and the errors and uncertainties related to the simulation results were
assessed together with the verification and validation processes for the numerical
results. Finally, a comparison was made between the simulation results of different
combinations of turbulence and combustion models and the experimental results in
order to select an optimum models combination for the simulation of a gas explosion.
Because it produced the lowest errors, the SST k-ω - EDM model combination was
considered to be the optimum models combination using ANSYS Fluent software to
simulate the propagation of a gas explosion in underground coal mines.
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5 LABORATORY STUDY OF GAS EXPLOSION
5.1

Introduction

It is a common method (Deng et al. 2008; Janovsky et al. 2006; Luo et al. 2007; Si &
Wang 2006) to study the propagation characteristics of gas explosion shock waves by
experimental methods, which are as important as theoretical derivation. The
experimental results can also provide validation of numerical simulations. Since there
is no analytical solution for gas explosion propagation in general, research has
concentrated upon a combination of experimental results and numerical simulations.
It is worth noting that in the study of gas explosion propagation, experimental research
not only verifies theoretical theory, but also perfects and supplements to it.

In this chapter, a large-scale shock tube apparatus at the National Facility for Physical
Blast Simulation (NFPBS) for a gas explosion is firstly described. A series of gas
explosion experiments were then conducted using this apparatus. Finally, numerical
simulations having the same test conditions as the experiments were performed.
conducted. The numerical simulation results were verified by comparing the results to
those generated in the experiments. The experimental results also validate the accuracy
of explosion theory, the appropriateness of the numerical model select and the
suitability of the simulation software.

5.2

Experimental system and working principle

The National Facility for Physical Blast Simulation (NFPBS) is a cooperative
involving eight Australian universities and the Defence Science and Technology
Group (DSTG) (Remennikov et al. 2018; Remennikov et al. 2019). The Advanced
Blast Simulator (ABS) as shown in Figure 5.1, designed for the NFPBS facility is a
multifunctional apparatus for studying shock wave propagation and the destructive
effects of a shock wave (Ritzel & Parks 2015). The shock wave generated by the ABS
can replicate the wave-dynamics of rapid chemical explosions, which may include the
negative pressure phase and a secondary shock wave that sometimes occurs after the
initial shock wave. The Advanced Blast Simulator is composed of four continuous
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sections: the Driver Section, Transition Section, Test Section and the Reaction
Housing (Ritzel & Parks 2015). The width of the ABS is 1.5 m, and the height of the
test section is 2.0 m. The total length of the ABS is about 20 m (Remennikov et al.
2018; Remennikov et al. 2019). The length of each part and the detailed information
of the four sections are shown in Figure 5.2.

Figure 5.1 NFPBS Advanced Blast Simulator configuration

Figure 5.2 Schematic diagram of NFPBS Advanced Blast Simulator

The Driver Section is designed to be a dual-mode Driver with a divergent wedgeshaped profile. The first mode is the Compressed Gas (CG) mode which means that
the shock wave is generated by compressed gas rather than the gas explosion. The
second mode is the Gaseous Detonation (GD) mode which means that the shock wave
is generated by a gas explosion (Remennikov et al. 2018; Remennikov et al. 2019).

The combustible gas and oxygen are transmitted from gas cylinders which are
positioned in a control room located at a safe distance from the ABS for safety's sake.
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The gas delivery system is operated by control valves on the ABS and those can be
remotely controlled in the control room. The flashback arrestor prevents the flame
from burning back into the gas delivery system. The gas delivery system is shown in
Figure 5.3.

Figure 5.3 Gas delivery system

The Transition Section is at the downstream end of the Driver Section. It expands
initially and then re-converges smoothly to connect with the Test Section which has a
constant cross-section profile (Ritzel & Parks 2015). When the shock wave reaches
the test section, the expansion rate of the shock wave smoothly drops to zero. The
length of the transition section is long enough to allow sufficient dissipation of any
disturbances in the initial explosion before reaching the Test Section. In the Transition
Section and Test Section, three pressure monitoring probes are installed on the
sidewall to monitor in real-time the shock wave pressure during the gas explosion
process. The distances of the probes from the diaphragm are 4 m, 8.85 m and 11.9 m.
All the probes are positioned 0.78 m above the floor of the Transition Section. The
location of the probes is shown in Figure 5.2.

At the end of the ABS, the Reaction Housing is connected to the Test Section, as shown
in Figure 5.4. The Reaction House is designed with three potential functions
(Remennikov et al. 2018; Remennikov et al. 2019). The first function is to serve as an
end-wave eliminator when studying the loading and damage to the diffraction targets
installed in the Test Section. Inside the Reaction Housing, the shock-diffuser element
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with the form of a porous wedge is installed (Figure 5.4 (b)). The porous wedge can
optimise the effectiveness in dissipating waves preventing a wave that has passed
through the diffraction targets from being reflected back to the diffraction targets and
affecting the experimental results. The end-wave eliminator also provides sufficient
volume to restrain the pressure disturbance and contain the gas efflux from the Test
Section within the apparatus and not allowing it to escape into the working space of
the laboratory. The Reaction Housing can also be used to study blast loads on walls by
mounting the test target to the heavy Finally, the Reaction Housing can also be used
for studies of behind-wall effects and blast injuries to personnel.

(a) Reaction House

(b) The shock-diffuser element
Figure 5.4 Reaction House with a test target in the Testing Section
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During the experiment, the explosion shock wave would be monitored by the
monitoring probes. The data would be logged on the computer and shown on the
monitor, as shown in Figure 5.5.

Figure 5.5 Explosion shock wave data

5.3

Experimental scheme
Experiment objectives

It is unreasonable to perform a gas explosion experiment in an underground coal mine.
However, in a laboratory, it is difficult to study a gas explosion and its propagation
along complex roadway layouts. On the other hand, numerical simulation has the
unique advantages of low cost, fast speed, and safety using various roadway layouts.
However, the numerical simulation results need to be verified by laboratory
experiments or field measurement data. Thus, the major objectives of the experimental
study include:
•

Study on the variation rules of explosion overpressure propagation and the
maximum overpressure at different locations; and

•

By comparing the CFD simulation results to experimental results, verify the
correctness of the explosion theory, the reliability of the ANSYS Fluent
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software, the validity of model selection for the software, and the accuracy of
the parameters and conditions settings in the software.

Experiment content

According to the purpose of the experiment and the specific conditions of the
laboratory, experiments on gas explosions with 0.071 m3, 0.14 m3 and 0.21 m3 of
mixed gas were conducted respectively. In each scenario, the mixed gas consists of
acetylene and oxygen with a volume ratio of 2:5. As acetylene has extremely broad
explosion limits, it is easier to be detonated in the laboratory. Thus, acetylene is used
in this experiment. The ratio of 2:5 is the stoichiometric concentration for acetylene
explosion. Acetylene and oxygen mixture with a ratio of 2:5 can produce the most
damaging explosion. So the ratio of C2H2 to O2 is determined to be 2:5. During the
experiment, the overpressure was monitored at three locations using the pressure
sensors mounted on the sidewall of the duct.
Monitoring data

In the process of the experiment, the following data were recorded:
•

Real-time overpressure data at monitoring points;

•

The peak overpressure at the monitoring points;

•

The time at which the peak overpressure reaches the monitoring points;

5.4

Experimental process
Preparation before the test

The test system was inspected for damages to the pressure sensors due to a previous
explosion shock wave and calibrated before each experiment. It is made sure that all
instruments were stable before igniting the test.
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Preparation of mixed gas

In order to achieve the maximum shock wave overpressure, the concentration of the
acetylene within the acetylene/oxygen mixture was controlled at 28.57% which is the
stoichiometric concentration.

For safety reasons, the gas delivery system was controlled by control valves that can
be remotely operated from the control room. The acetylene and oxygen were delivered
from cylinders placed at the control room. The decanted volume of the gas was
metered using a water-filled U-tube flow manometer. Flashback arrestors were used
to stop the flame burning back into the gas delivery system.

Test conditions

In order to evaluate parameters such as explosion shock wave overpressure, and shock
wave speed under different test conditions, the different test conditions shown in Table
5.1 were used.

Table 5.1 Experiment conditions of gas explosions
No.

Mixture volume

C2H2 volume

Ratio of C2H2 to

C2H2 concentration

(m3)

(m3)

O2

(%)

1

0.07

0.020

2:5

28.57

2

0.14

0.04

2:5

28.57

3

0.21

0.06

2:5

28.57

Test results

After the gas was detonated, the data acquisition system automatically collected the
overpressure and pressure arrival times at the measuring points in the ABS. The
waveforms monitored in the ABS duct are shown in Figure 5.6. Table 5.2 summarises
the test data of the gas explosions monitored by the pressure sensors in the ABS duct.
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(a) Waveform generated using 0.07 m3 oxygen-acetylene

(b) Waveform generated using 0.14 m3 oxygen-acetylene
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(c) Waveform generated using 0.21 m3 oxygen-acetylene
Figure 5.6 Waveform generated using oxygen-acetylene explosion

Table 5.2 The maximum pressure and appearance time at each monitoring
point
Test No.

Mixture volume (m3)

1

0.07

Location (m)
Overpressure (kPa)
Time (ms)

2

0.14

Overpressure (kPa)
Time (ms)

3

0.21

Overpressure (kPa)
Time (ms)

5.5

4

8.85

11.9

110.07

61.57

54.49

0

11.050

18.554

166.62

101.67

92.15

0

9.92

16.798

237.41

156.15

113.43

0

9.278

15.71

Numerical simulation of gas explosion in ABS
Development of CFD models

According to the structure and dimensions of the ABS, a three dimensional CFD model
was constructed to numerically simulate the oxygen-acetylene explosion in the ABS.
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To eliminate the influence of an open end on the overpressure at monitoring locations,
the length of the CFD model was increased to 65 m. The plan view and the 3D view
of the CFD model are shown in Figure 5.7, while the model computational mesh is
shown in Figure 5.8.

(a) CFD model geometry - plane view

(b) CFD model geometry – 3D view
Figure 5.7 CFD model geometry

Figure 5.8 CFD model computational mesh
Initial and boundary conditions

The ratio of acetylene and oxygen was set as 2:5 which is the same as the ratio used in
the experiments. The initial length of the gas mixture was set as 0.394 m, 0.632 m and
0.825 m respectively to achieve volumes of the gas mixture 0.071 m3, 0.14 m3 and
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0.21 m3. The initial pressure and temperature were set at ambient pressure and
temperature. The roof, floor and ribs of the ABS tube were treated as standard walls.
The walls were set as adiabatic and non-slip wall conditions. The transient calculation
method was adopted for the calculation and the time step was set at 10-4 s.

Chemical reaction mechanism
In general, the acetylene explosion process can be simplified as a one-step exothermic
chemical reaction as follows:

2C2 H2 +5O2  4CO2 +2H2O

(5. 1)

In this study, the one-step chemical reaction mechanism was adopted for use in the
ANSYS Fluent software.

5.6

Comparison of experimental and numerical simulation results
Maximum overpressure

The maximum overpressure at the three monitoring points recorded during the ABS
test and ANSYS Fluent software simulation are compared and summarised in Table
5.3. From Table 5.3, it can be seen that the percentage differences of the peak
overpressure using the ANSYS Fluent software were generally less than ± 20%, except
for the data at 11.9 m in Test 3. Here the value was 21.05%. The average percentage
difference for the three tests was 9.02%, 6.26% and 9.95% respectively. As the
acceptable percentage difference is ± 30% for numerical simulation (Lea & Ledin
2002), it can be stated that the maximum overpressure calculated by ANSYS Fluent
software is consistent with the experimental results.
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Table 5.3 Comparison of simulated and experimental maximum overpressure
Test

Mixture

Gauge

No.

volume (m3)

location

Measured peak

Simulated peak

Percentage difference

pressure (kPa)

pressure (kPa)

(%)

4

110.07

93.80

-14.79

8.85

61.57

65.03

5.61

11.9

54.49

58.12

6.66

4

166.62

155.75

-6.52

8.85

101.67

108.98

7.18

11.9

92.15

96.85

5.09

4

237.41

218.08

-8.14

8.85

156.15

155.10

-0.67

11.9

113.43

137.32

21.05

(m).
1
0.07
2
0.14
3
0.21

9.02

6.26

9.95

Figure 5.9 shows the relationship of the mixture volume and the maximum
overpressure at each monitoring point in the laboratory experiments and the numerical
simulations. From Figure 5.9, it can be clearly seen that the maximum overpressure
increased as the mixture volume increased. The maximum overpressure followed a
linear relationship with the mixture volume. In addition, the simulation results
presented a better linear relationship than that of the experimental results. This is due
to the laboratory experiments being more susceptible to various factors such as wall
roughness and sensor error during shock wave propagation. These factors do not exist
in a single numerical simulation.

(a) ABS experiment
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(b) Numerical simulation
Figure 5.9 Relationship of mixture volume and the maximum overpressure

Speed of shock wave

The time it takes for the shock wave to propagate from monitoring point P1 to P2 and
from P2 to P3 was calculated according to the shock wave arrival time. The average
speed of the shock wave between P1 and P2, P2 and P3 were then calculated, as shown
in Table 5.4. The percentage difference of shock wave speed between the simulation
and the experiment changed from 3.27% to 12.84%. This is acceptable as the
percentage difference is less than 30%. The shock wave speed increased linearly as the
mixture volume increased from 0.07 m3 to 0.21 m3, as shown in Figure 5.10. Hence,
the average shock wave speed between P1 and P2 was higher than the speed between
P2 and P3. This was caused by energy loss due to frictional resistance in the process
of shock wave propagation.
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Table 5.4 Speed of shock wave
Test

Mixture

No.

volume
(m3)

Gauge
location
(m)

1

4
0.07

ANSYS Fluent software

ABS test
Time

Speed

Time

Speed

difference

(m/s)

difference

(m/s)

(s)
0.01105

Percentage
difference (%)

(s)
438.91

0.0107

453.27

3.27
5.23

8.85
0.007504

406.45

0.007

435.71

7.2

0.00992

488.91

0.0094

515.96

5.53

11.9
2

4
0.14

11.9
3

4
0.21

7.35

8.85
0.006878

443.44

0.0063
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Figure 5.10 Relationship of mixture volume and shock wave speed
Waveform

The waveforms generated by an oxygen-acetylene explosion during the ABS test and
Fluent simulation are shown in Figure 5.11. From this figure, it can be seen that the
waveform generated by the Fluent simulation was very similar to that of the ABS test
at each monitoring location. The pressure kept at ambient before the shockwave
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arrived and then increased to the maximum overpressure in a very short time. After
that, the overpressure decreased at a relatively low speed to ambient pressure and
continued to decrease to a negative pressure. It then oscillated around the ambient
pressure. The overpressure monitored in the three monitoring locations all obeyed this
rule in the ABS test as well as in the Fluent simulation. From Figure 5.11, it can also
be seen that the waveform generated by the Fluent simulation moves forward slightly
relative to the waveform generated by experiments as the shockwave speed of Fluent
simulation is faster than that of the ABS experiment. Within the margin of error, it can
be reasonably considered that the ANSYS Fluent software simulation can simulate a
gas explosion.

(a) Waveform generated by 0.07 m3 oxygen-acetylene explosion

(b) Waveform generated by 0.14 m3 oxygen-acetylene explosion
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(c) The waveform generated by 0.14 m3 oxygen-acetylene explosion
Figure 5.11 Waveform generated by an oxygen-acetylene explosion in both the
experiment and CFD simulation
5.7

Summary

CFD simulation has become a more and more popular method to study gas explosions
due to its economic efficiency, safety and time-saving. However, experimental
laboratory study is still necessary in order to validate the simulation results. In the
study of a gas explosion and its propagation, experimental research can verify the
reliability of the ANSYS Fluent software, the validity of model selection for the
software, and the accuracy of the parameters and conditions settings in the software.
In addition, it perfects and supplements to theoretical research.

Firstly, the large-scale shock tube apparatus at the National Facility for Physical Blast
Simulation (NFPBS) was introduced. The NFPBS designed by several universities and
a government laboratory is based on the Advanced Blast Simulator (ABS) concept.
The ABS includes four parts, namely, the Driver Section, Transition Section, Test
Section and the Reaction House. The ABS is designed for two modes, a Compressed
Gas (CG) mode and a Gaseous Detonation (GD) mode, which can be used to study the
propagation of compressed gas and the gas explosion shockwave, respectively.
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Then, gas explosions with 0.071 m3, 0.14 m3 and 0.21 m3 oxygen-acetylene mixture
were conducted using this ABS system. The gas mixture consists of acetylene and
oxygen with a volume ratio of 2:5.

Furthermore, according to the structure and dimensions of the ABS, a 3D CFD model
was built, and the numerical simulations with the same conditions as the laboratory
experiments were performed. The simulation results were then compared to the
experimental results. It was found that:


The percentage difference of the peak overpressure at each monitoring point
between the numerical simulation and the laboratory experiments was less than
± 30%, and the percentage difference of shock wave speed was between 3.27%
and 12.84%. The waveform generated by the ANSYS Fluent software was very
similar to that of the ABS experiments at each monitoring location. By
comparing the maximum overpressure, the speed of the shockwave and the
shape of the waveform, it can be concluded that the ANSYS Fluent software
simulation can reproduce the gas explosion and propagation results achieved
in the laboratory experiments. Thus, the numerical simulation can be used to
study other gas explosions and their propagation. The consistency of the results
also validates the correctness of explosion theory, the numerical model
selection and the simulation software.



The maximum overpressure increased as the mixture volume increased and
followed a linear relationship with the mixture volume.



The shock wave speed increased linearly as the mixture volume increased from
0.07 m3 to 0.21 m3. The average shock wave speed between monitoring point
P1 and P2 was higher than the speed between P2 and P3 due to the energy loss
caused by frictional resistance in the process of the shock wave propagation.



The overpressure maintained ambient pressure before the shockwave arrived
and then increased to the maximum overpressure in a very short time. After
that, the overpressure decreased at a relatively low speed to ambient pressure
and continued to decrease to a negative pressure and then oscillated around the
ambient pressure. The overpressure monitored in the three monitoring
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locations all obeyed this rule in the ABS test as well as in the ANSYS Fluent
simulation.


The waveform generated by the ANSYS Fluent simulation moved forward
slightly relative to the waveform generated in the experiments as the
shockwave speed of the ANSYS Fluent simulation was faster than that of the
ABS experiment. Within the margin of error, it can be reasonably considered
that the ANSYS Fluent software can successfully simulate a gas explosion.
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6 NUMERICAL SIMULATION OF GAS EXPLOSION IN ROADWAYS
6.1

Introduction

A gas explosion is a devastating disaster in an underground coal mine. Due to the large
size of underground space and complex roadway layout, it is expensive and dangerous
to study a gas explosion in an underground mine or a large scale laboratory. Except
for a few underground full-scale explosion experimental laboratories (Si 2007; Si &
Wang 2006; Weiss et al. 2002; Zipf et al. 2007), most studies are conducted by small
scale ducts or chambers or CFD software simulation. Considering these factors, studies
in this thesis are conducted using CFD simulations.

Based on the selected turbulence and combustion models, this chapter firstly simulates
the gas explosion and propagation in a single entry roadway. Then, numerical
simulations of a gas explosion in multiple entry roadways are conducted. The
simulation results provide a basis for gas explosions prevention and suppression, and
the design of protection facility in a mine.

6.2

Numerical simulation of a gas explosion in a single entry roadway

A gas explosion ignited in a heading is one of the most common scenarios in coal
mines. One important reason is that the gas emission quantity per unit area is very high
at the drivage face. More importantly, there is no integrated ventilation system at the
drivage face where only an auxiliary fan is used. If the auxiliary fan broke down or
had insufficient power, methane can accumulate to a level where an explosion can
occur. Besides, any electrical equipment used at the drivage face may generate an
electric spark which can ignite the explosion. A single entry roadway is a part of the
underground roadway system. It has a simple structure, and the propagation of a gas
explosion is easier to study than in any other area of the underground coal mine.
Studies of gas explosions in a single entry roadway can provide a foundation for the
study of gas explosions propagation in more complex areas in underground coal mines.
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Physical model of the roadway

The physical model of the roadway is based on a typical Australian coal mine maingate
roadway. It is a rectangular roadway with dimensions of 4.5 m in width, and 3.2 m in
height. Even though in an actual mine there is a cut through every 100 m, in this study,
the roadway is considered to be 200 m long without a cut through.

The physical model is a heading partially filled with methane and air. The length of
the methane-air mixture is 14 m. The left side of the roadway is the heading treated as
a heading. The ignition source is located at the left end of the roadway and ignites the
methane-air mixture. The flame spreads to the right side along the roadway. The
physical model is shown in Figure 6.1.

Figure 6.1 Physical model of the gas explosion in a single entry roadway

Development of CFD models

According to the physical model of the roadway, the CFD model was constructed, as
shown in Figure 6.2. The whole domain, limited by the geometric boundary, was
divided into discrete finite volumes by constructing a numerical mesh. As the model
dimensions form a cube roadway, the hex-dominant method was used, as shown in
Figure 6.3. The grid size validated in Section 4.3 was used, as shown in Figure 6.3 (a),
(b) and (c).
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Figure 6.2 Model of single entry roadway

Figure 6.3 Spatial aspect of the surface mesh: (a) an overview; (b) a close-up
view; (c) a section plan view

Turbulence and combustion models

The species transport model combined with the volumetric reaction method was used
to model the mixing, transport and chemical reactions of chemical species by solving
conservation equations describing convection, diffusion, and reaction sources for each
component species (ANSYS 2016). Turbulence-chemistry interaction was calculated
using the Eddy-Dissipation Model while the turbulence was calculated by the SST kω model. SST k-ω model combined with Eddy-Dissipation Model has been proven to
simulate results the best when compared to experimental data (see Section 4.3 of this
thesis). The chemical kinetics mechanism of a gas explosion is very complicated, and
there is no consistent description of the detailed kinetic mechanism of such an
explosion. The reactions comprised of dozens of species and hundreds of reactions.
Considering the calculation ability of the CFD software and computer memory size,
the simulation adopts the one-step reaction mechanism as shown by Eq. (3.4).
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Initial and boundary conditions

The CFD model consists of a roadway with an open end and heading. The open end is
set as a pressure out, and the heading is set as a wall. The floor, roof and ribs of the
roadway are also set as walls. Airflow is neglected before the explosion. The initial
temperature and gauge pressure were set as 25°C and 0 Pa, respectively. The premixed
methane-air mixture filled 14 m of the roadway from the heading. The volume fraction
of methane in the mixture was 9.5%. The walls were set as adiabatic and non-slip wall
conditions. “Monitoring probes” were set every 10 m until 40 m and then every 20 m
until 160 m away from the heading. The transient calculation method was adopted for
the calculation and the time step was set at 10-4 s.

Simulation results
6.2.5.1 Propagation of shock wave

Figure 6.4 shows the pressure dynamics obtained from the monitoring points along the
rib of the roadway. It can be seen that the pressure curve at each monitoring point has
a similar trend and each curve has four significant phases, namely: an initial phase, a
pressure increase phase, a pressure decrease phase and an oscillation phase, as shown
in Figure 6.4.

In the first phase, the overpressure was kept constant at zero because the explosive
shock wave had not arrived at the monitoring points. In the second phase, when the
explosive shock wave had propagated to the monitoring points, the overpressure
increased rapidly to its highest value. From Figure 6.4, it can be seen that the highest
overpressure at each monitoring point decreased as the distance between the
monitoring point and the ignition position increased. During the third phase, the
overpressure decreased rapidly to zero, and the difference in overpressure at different
positions was small. During the overpressure oscillation phase, overpressure oscillated
around zero. In this stage, the whole roadway was in a negative pressure state between
1000 ms and 1600 ms. Fresh air away was sucked into the explosion zone from the
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unaffected part of the roadway. This pulse of fresh air picked up dust that had
accumulated on the ground, causing a serious secondary dust explosion.

Figure 6.4 Pressure evolutions at different positions

The overpressure variation with time at different monitoring points is shown in Figure
6.5. During the initial and pressure increase phases, there is a delay in pressure between
successive monitoring points. The delay time is the time needed for the explosive wave
to propagate between the two monitoring points. The highest overpressure at each
monitoring point decreased as the shock wave propagated forward.

112

Figure 6.5 Pressure variation with time at different positions

Figure 6.6 shows the shock wave propagation with time. The initial wavefront acquired
a spherical wave (shown in Figure 6.6 (a) and (b)) before the shock wave reached the
roof and floor. It then changed to a cylindrical wave at 3 ms, as shown in Figure 6.6
(c) and (d). From 5 ms, a Mach wave developed at the wavefront caused by Mach
wave reflection. The cylindrical wave shape then became planar because of this Mach
wave reflection, as shown in Figure 6.6 (h) to (k). Due to the limitation of the Mach
stem wave and the development constraints of the roadway walls, the shock wave can
only propagate as a plane wave.
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Figure 6.6 Shockwave evolutions with time changes

The maximum overpressure in the roadway at various locations is shown in Figure 6.7.
The overpressure decreased as the distance from the heading increased. The highest
overpressure reached 240 kPa near the ignition point and decreased to 101 kPa after
propagating for 160 m. A power curve with a correlation coefficient of 0.9 was fitted
to the data, having the followings equation y  1100  x ( 0.5) . From Figure 6.7, the
fitting of this power curve has a large error over the first 40 m. The fit in the simulation
becomes much better afterwards. The fitting curve is also consistent with the analytical
solution of Qu (2009) which was P  1 / x .
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Figure 6.7 Maximum overpressure at different positions
6.2.5.2 Temperature evolution during the explosion

Temperature evolution obtained from the monitoring points is shown in Figure 6.8 and
Figure 6.9. The evolution of temperature at each monitoring point can be divided into
four periods, namely: an initial period, a warm-up period, a burning period, and a
burned period. During the initial period, the gas mixture was at an initial temperature
of 25°C before the flame arrived. During the warm-up period, the temperature
increased to 125°C due to the increase of overpressure, as shown in Figure 6.10. The
duration of the warm-up period became longer as the distance from the heading
increased. Subsequently, as the flame arrived at the monitoring point, the temperature
increased rapidly until the methane burnt thoroughly and the temperature reached its
highest value of 1830°C to 2520°C. Afterwards, the temperature decreased slightly.
When the gas was consumed, no extra heat could be provided. At this time, the
temperature of the exploded gas remained nearly constant because of heat loss over
such a short period of time was minimal. However, the temperature still fluctuated
paralleling the trend of overpressure, as shown in Figure 6.10. The temperature
fluctuations synchronous with those in pressure follow the ideal gas law when all other
parameters were kept constant.
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Figure 6.8 Temperature variations at different positions

Figure 6.9 Temperature variations and temperature decrease during the warmup period
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(a) 40 m

(b) 80 m
Figure 6.10 Interaction between temperature and overpressure

A summary of the maximum temperature in the roadway at various positions is shown
in Figure 6.11. The temperature increased first due to the continuous combustion of
methane, providing heat until the methane burnt out, and then decreased with small
fluctuation without any additional heating. The highest temperature reaches 2520°C.
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Figure 6.11 Maximum temperatures at different positions along the roadway

6.2.5.3 Overpressure and temperature variations along the roadway

The shock wave overpressure variation along the roadway at different times is
summarised in Figure 6.12. When the explosion occurred, the overpressure propagated
from the site of the explosion towards the open end of the roadway over time. Before
the shock wave reached the open end, the whole roadway area could be divided into
three zones, namely: an unaffected zone, an affecting zone, and an affected zone, as
shown in Figure 6.12 (a) (b). Before wavefront arrived, overpressure was constant of
zero. This area makes up the unaffected zone. In the affecting zone, the wavefront
arrives, and the overpressure increases rapidly to its highest value. Behind the
wavefront, the overpressure remains at a high value and decreases with time.

When the shock wave arrived at the open end, a negative pressure zone was generated
at the end of the roadway. This negative pressure zone propagated back into the
roadway, and the overpressure within the whole roadway decreased from 0.5 s to 0.9
s, as shown in Figure 6.12 (b). After that, the overpressure oscillated around
atmospheric pressure in the roadway, as shown in Figure 6.12 (c). The roadway was
in a positive pressure state at time 1 s and 2 s while in a negative pressure state at time
3 s and 4 s.
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Figure 6.12 Overpressure variation along the roadway

The temperature variation along the roadway at different times are shown in Figure
6.13. It can be seen that the high temperature propagates from the explosion location
to the open end after the explosion occurs. The whole roadway area can be divided
into three zones, namely: a high-temperature zone, a warm zone and an initial zone, as
shown in Figure 6.13. When the flame arrived, the temperature increased to a high
value and maintained this high value after the flame had passed. In front of the flame,
the temperature increased to 125°C due to the high overpressure and formed a warm
zone. In front of the warm zone, both the flame and the shock wave had not arrived,
and temperature remained at the initial value of ambient temperature.

The overpressure and temperature along the roadway at 0.1 s and 0.2 s are shown in
Figure 6.14. The warm zone formed due to the high overpressure can be seen very
clearly from Figure 6.14. The warm zone of temperature kept pace spatially with the
high overpressure in space along the roadway.
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Figure 6.13 Temperature variation along the roadway

(a) 0.1 s
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(b) 0.2 s
Figure 6.14 Interaction between temperature and overpressure

6.2.5.4 Propagation of the turbulent flame

In the single entry roadway simulation, four phases of dynamic flame are observed.
The four phases can be described as follows and are shown in Figure 6.15.

The spherical flame phase: The first flame phase consists of a spherical flame which
occurs just after ignition (0 ms < t < 2 ms), as shown in Figure 6.15 (a) and (b). During
this phase, the flame has a small area and develops a spherical shape without being
affected by the surrounding walls.

The finger-shape flame phase: The second phase occurs as the flame reaches the side
walls (3 ms < t < 30 ms), as shown in Figure 6.15 (c) to (e). When the flame reaches
the heading and the four side walls (roof, floor, two ribs sides), the front of the flame
changes from a spherical shape to a finger shape.

A phase where the flame skirt touches the side walls. During the third phase, the flame
skirt touches the sidewalls of the roadway between 31 ms and 80 ms after the
explosion, as shown in Figure 6.15 (f) to (i). The flame surface area and the
propagation velocity decrease steadily in this phase.
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The tulip flame phase: At around 80 ms, the flame front reverses direction from a
forward-pointing tip to a backward-pointing cusp. This looks like a tulip, as shown in
Figure 6.15 (j).

Figure 6.15 Numerical flame pattern changes with time

The tulip-shape flame observed in the single entry roadway simulation differs from
that observed in the tube experiment and corresponding simulation. In the former, the
tulip flame front length is about five times as long as the tulip flame width, while in
the latter, the tulip flame front is as long as its width. This phenomenon is caused by
the size effect of the roadway versus that of the tube. Figure 6.16 shows the threedimensional (3D) numerical tulip flame observed in the simulation and the tulip flame
observed in a tube flame simulation (Xiao et al. 2018; Xiao et al. 2012).
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Figure 6.16 Tulip flame at t = 80 ms: (a) front view, (b) top view, (c) oblique
view. Tulip flame in a tube: (d) lateral view, (e) oblique view (Xiao et al. 2018;
Xiao et al. 2012).

6.2.5.5 Speed of the shock wave and flame

During the propagation of the explosion from the ignition site to the open end, the
speeds of the shock wave and flame were always changing, as shown in Figure 6.17.
The speed of flame was less than the sound speed in the whole roadway. The high
flame speed zone occurred between 55 m and 95 m with an average speed of 257 m/s.
The speed after the high-speed zone was 205 m/s. The shock wave speed was higher
than the speed of sound and the flame speed. The high shock wave speed zone was
between 15 m and 45 m with an average speed of 566 m/s. The shock wave speed then
decreased to 476 m/s. As the shock wave speed was higher than the flame speed, the
explosion in this simulation is a deflagration rather than a detonation.
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Figure 6.17 The speed of flame and shock wave

6.3

Numerical simulation of gas explosions in multiple entry roadways

Roadway branches in underground coal mines are quite extensive, such as mains and
gateroads. Gas explosion propagation in a roadway with multiple branches is different
from that without branches, because the shock wave and flame can flow into two or
more tributaries at an intersection. The overpressure can attenuate due to the reflected
rarefaction wave and the interactions between the shock wave and the walls. In order
to understand and quantify the attenuation of the peak overpressure, the effect of
branches on temperature, flame speed and flame distribution, CFD simulations of the
propagation of explosions in multiple entry roadways were conducted.

Development of CFD models

The CFD model of the multiple entry roadways is based on the layouts of the Lake
Lynn Experimental Mine (LLEM) in the United States. The LLEM is one of the most
famous laboratories for research on large-scale explosions in the world. It can simulate
many scenarios of coal mine geometries, such as room-and-pillar mining, single entry
roadway, multiple entry roadways and longwall mining (Weiss et al. 2002; Zipf et al.
2007). The layout of the LLEM is shown in Figure 6.18, with the D drift to simulate
single entry roadway, while the A, B, and C drifts can be used to simulate multiple
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entry roadways. The three dimensional CFD model was developed based on the
multiple entry drifts. The plan view and the 3D view of the CFD model are shown in
Figure 6.19. The lengths of the A, B and C drifts are 207 m, 200 m and 192 m,
respectively. The width of the roadways is 6 m. The height of the roadway is uniformly
set as 2.2 m making the cross-sectional area of the roadway about 13 m2. For purposes
of comparing the results of an explosion without branches, the explosion under the
same simulation conditions in the single B-drift was also conducted.

Figure 6.18 Plan view of the Lake Lynn Experimental Mine (Weiss et al. 2002;
Zipf et al. 2007)

192m

C Drift

B-10

A Drift

24m

12m

15m

Ignition point
B Drift

23m

B-526

B-108

18,3m
30m

6m
207m

Monitoring points for validation

(a) Plan view of the CFD model geometry
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(b) 3D view of the CFD model geometry
Figure 6.19 Multiple entry roadways CFD model geometry

Initial and boundary conditions

Figure 6.19 (b) shows that the computational model has three pressure outlets as exits.
The roof, floor and ribs of the roadways are treated as standard walls. The initial length
of the methane-air mixture zone is 18.3 m with about 10% methane. The ignition point
is 0.15 m from the end of B-drift. The methane distribution is the same as experiment
485 conducted in LLEM by NIOSH (Zipf et al. 2007).

Model validation

In experiment 485, pressure sensors were located at B-10, B-108 and B-526, which
were 3.05 m, 32.9 m and 160.3 m respectively from the end of the B-drift. FLACS and
AutoReaGas simulation were also conducted by NIOSH (Zipf et al. 2007) under the
same conditions. The results are shown in Table 6.1. The percentage difference of the
results at the three sensors simulated using ANSYS Fluent software were 15.4%, -5%
and 2.5%, respectively. The average percentage difference of ANSYS Fluent software
was 7.6%, which is lower than that of AutoReaGas and FLACS. According to the view
of Lea and Ledin (Lea & Ledin 2002), this level of percentage difference is acceptable
as they are less than ± 30%. These results indicate that the pressure calculated by the
ANSYS Fluent software is was closer to the experimental results than that calculated
using AutoReaGas and FLACS software.
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Table 6.1 Comparison of simulated results of the gas explosion to LLEM
experimental and simulated data by NIOSH in multiple entry roadways tests
AutoReaGas

Measured

FLACS

ANSYS Fluent software

Gauge

peak

Calculated

Percentage

Calculated

Percentage

Calculated

Percentage

No.

pressure

pressure

difference

pressure

difference

pressure

difference

(kPa)

(kPa)

(%)

(kPa)

(%)

(kPa)

(%)

B-10

101.3

109.64

8.23

B-108

80

47

41.25

B-526

34.14

29.17

-14.56

21.3

97.64

-3.61

68.5

-14.37

42.34

24.02
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15.4

76

-5

35

2.5

14

Figure 6.20 shows the overpressure with time in the LLEM experiment and simulation
using ANSYS Fluent software at the three measured locations. For the overpressure
history curve of the LLEM experiment, the plots are offset to the left at each gauge by
0.72 s, 0.66 s and 0.64 s respectively. The magnitudes of overpressure measured in the
LLEM experiment and calculated using ANSYS Fluent software agreed well with each
other, as well as the variation trend. The arrival times of overpressure do not match
well because the plots of the LLEM experiment have been moved to the left by more
than 0.5 s. The difference is caused by the actual ignition method. In the experiment,
it took more time for the electric match to ignite the gas explosion than it did in the
numeric simulation. In conclusion, the numerical simulation model reproduces the
measured experimental results well, although there is an offset in time.

(a) Overpressure history at B-10
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7.6

(b) Overpressure history at B-108

(c) Overpressure history at B-526
Figure 6.20 Comparison of experimental results and simulated results by
ANSYS Fluent software
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Simulation results
6.3.4.1 Propagation of the shock wave

Figure 6.21 Overpressure evolutions with time
After the gas detonated, the shock wave would propagate forward from the point of
ignition of the explosion to the outlet. When the shock wave encountered an
intersection, the shock wave propagated down both the main roadway and the
branches. As shown in Figure 6.21 (a), the shock wave changed to a plane shock wave
before it propagated to the intersection. When the shock wave encountered the
intersection, its shape became a spherical wave again, as shown in Figure 6.21 (b) (f)
(g). It can also be seen from Figure 6.21 (c) that a negative pressure zone was created
at the inner corner, while the high positive overpressure was created at the outer corner.
A reflected shock wave was generated at the rib of the outer corner (Figure 6.21 (d) )
and at the end of the branches due to the side roadway ribs (Figure 6.21 (e)).
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Comparing Figure 6.21 (h) ~(k), it can be found that the shock wave propagated to the
branches before it propagated to the next intersection, and that the overpressure in the
three roadways increased synchronously. Figure 6.21 (l) shows that the whole area of
the roadways was in a negative pressure state from 1.0 s onwards. This can be very
dangerous as fresh air can be sucked into the explosion area. A coal dust explosion can
be ignited as fresh air can entrain coal dust from the floor.

6.3.4.2 Pressure and impulse decay

Figure 6.22 shows that the peak overpressure plotted against distance for both the
single B-drift explosion and the multiple entry explosion. From Figure 6.22 it can be
seen that the overpressure in the single B-drift was much higher than that of the B-drift
of multiple entry roadways. The overpressure in the single B-drift can be expressed as
follows:

y  125.94 x0.09

(6.1)

And the overpressure in the B-drift of the multiple entry roadways can be expressed
as follows:

y  332.51x 0.455

(6.2)
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Figure 6.22 Peak overpressure changes as distance increases

The time when the peak overpressure occurred in each type of roadway is shown in
Figure 6.23. The best-fitting equations are as follows for the single B-drift and the Bdrift of multiple roadways respectively:

y  0.0029 x  0.0409

(6.3)

y  0.0022 x  0.0359

(6.4)

According to these fitting equations, the average velocity of the shock wave can be
calculated.

The velocity of the shock wave in the single B-drift is as follows:

v

1
 454m/s
0.0022

(6.5)

The velocity of the shock wave in the B-drift of multiple roadways is as follows:

v

1
 344m/s
0.0029

(6.6)
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The velocity attenuation of the shock wave due to branching reached 24%.

Figure 6.23 The time when the peak overpressure occurs at different positions
The peak overpressure and the pressure decay at the relevant position in the single Bdrift and at intersections in the B-drift of multiple roadways are shown in Table 6.2.
The peak pressure decay in the B-drift of the multiple entry roadways was obviously
higher than in the single B-drift because of the effect of branches. The average pressure
decay in the multiple entry roadways was 13.8% while it was 3.6% in the single Bdrift.

Table 6.2 Peak overpressure at each intersection in B-drift of multiple roadways
and the relevant position in single B-drift
Intersection
Single B-drift

Pressure (kPa)

1st

2nd

3rd

4th

5th

6th

95

87

85

83

80

79

Decay (%)

B-drift in Multiple

Pressure (kPa)

entry roadways

Decay (%)

8.4
80

2.3
45

43.8

2.4
39

13.3

3.6
42

-7.7

1.2
40

4.8

Average

3.6

34
15

13.8

Another parameter that describes the damage capability of the shock wave is the total
energy or impulse generated by the shock wave. The pressure and pulse at each of the
six intersections in the B-drift of the multiple entry roadways are shown in Figure 6.24.
As the impulse is the integral of pressure over time, the impulse increased even as the
pressure decreased. The impulse decay at each intersection is also summarised in Table
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6.3 for both explosions in the B-drift of the multiple entry roadways and in the single
B-drift. The impulse decay in the B-drift of the multiple entry roadways was 16.4%, a
value higher than in the single B-drift which was 7.7%. The impulse decay due to the
branches is obvious.

The pressure and impulse decay rates caused by intersections were both reported to be
35% in the explosive detonation experimental study conducted by Smith and Sapko
(2005). It is higher than that calculated in this thesis, which are 13.8% and 16.4%
respectively. Comparing the experiments conducted by Smith and Sapko with the
simulations performed in this thesis, it was found that the explosion in the experiments
was caused by Pentolite explosive and the branches were dead-end branches. In this
thesis, the branches are connected and the shock wave is generated by a methane
explosion. Thus, the different decay rates may be attributed to the superposition effect
of the shock wave and the continuing explosion of methane.

Figure 6.24 Pressure and impulse changes with time in the B-drift of the
multiple entry roadways
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Table 6.3 Impulse in 1.0 s at each intersection in the single B-drift and the Bdrift of multiple roadways
Intersection
Impluse (kPa·s)

Single B-drift

1st

2nd

3rd

4th

5th

6th

35.6

32.3

28.3

26.9

26.2

23.8

Decay (%)

9.3

B-drift in Multiple

Impluse (kPa·s)

entry roadways

Decay (%)

12.4

17.3

15.2

12.1

4.9

13.7
9.9

2.6

12.5

8.8

9.2

11.0
12

Average
decay

7.7

6.7

39.1

16.4

The peak pressure and impulse in the A, B, and C drifts shown in Figure 6.19 is
summarised in Table 6.4 and Table 6.5 respectively. The ratio of pressure and impulse
in the A and C drifts to that in the B drift varied at a different position. Some ratios
were higher than 100%, and some were lower than 100%. The higher peak pressure
and impulse in the A-drift and C-drift were caused by the superposition of shock waves
from the adjacent two drifts.
Table 6.4 Peak pressure at each intersection in A-drift, B-drift and C-drift
1st

2nd

3rd

4th

5th

6th

Peak pressure (kPa)

80

45

39

42

40

34

Peak pressure (kPa)

46

50

43

34

35

34

57.5

111.1

110.3

81.0

87.5

100

46

50

43

35

36

36

57.5

111.1

110.3

83.3

90.0

105.9

Intersection
B-drift

A-drift

Percentage rate to Bdrift (%)
Peak pressure (kPa)

C-drift

Percentage rate to Bdrift (%)

Average

91.2

93.0

Table 6.5 Impulse in 1st at each intersection in A-drift, B-drift and C-drift
1st

2nd

3rd

4th

5th

6th

Impluse (kPa·s)

17.3

15.2

13.7

12.5

11.0

6.7

Impluse (kPa·s)

15.0

15.0

13.4

12.2

11.3

7.2

86.7

98.6

97.8

97.6

102.7

107.5

15.7

14.1

13.5

12.1

11.3

6.6

90.7

92.8

98.5

96.8

102.7

98.5

Intersection
B-drift

A-drift

Percentage rate to
B-drift (%)
Impluse (kPa·s)

C-drift

Percentage rate to
B-drift (%)
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Average
decay

98.5

96.7

6.3.4.3 Propagation of the flame

Figure 6.25 shows the flame propagation of the gas explosion in the multiple entry
roadways. The flame could form either a finger-shaped (shown in Figure 6.25 (a)) or
a flame with skirt touching the side walls (shown in Figure 6.25 (b)); however, before
any intersection, the flame could not form a tulip shape because the distance was not
long enough. Because the flame velocity near the ribs was faster, it divided into two
curved flames into the branches. The curved flame then was bent from the outer side
rib to the inner side rib before it spread forward as shown in Figure 6.25 (c) (d). The
flame partly filled the branches before propagating across the intersection and
spreading forward into the B-drift as shown in Figure 6.25 (e). Then, the flame
propagated down the three drifts simultaneously as shown in Figure 6.25 (f) (g) (h).
However, the flame never formed a regular shape due to the disrupting influence of
the shock wave coming from multiple directions.

Figure 6.25 Flame propagation in multiple entry roadways
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6.3.4.4 Consumption and movement of methane

During the gas explosion, the methane gas is pushed forward by the shock wave while
being consumed. As shown in Figure 6.26 (a), in the beginning, the methane was
distributed 18.3 m from the heading. At 85 ms, the fringe of the methane gas was
pushed to the first intersection, as shown in Figure 6.26 (b). At this intersection, the
methane was pushed into the two branches first rather than flowing directly down the
B-drift as shown in Figure 6.26 (c). This persisted until 180 ms, remained methane
was pushed into branches and the B-drift, as shown in Figure 6.26 (d). The high
concentration methane was then pressed into thin slices on the outer rib with a bulge
into the B-drift as shown in Figure 6.26 (e) (f). After that, all the methane was
eventually consumed in each drift as shown in Figure 6.26 (g) (h). Even though the
methane initially was present in only the B-drift, it can be pushed into branches and
the adjacent roadways. Over time, this process can provide high overpressure in the
adjacent roadways.

Figure 6.26 Methane distribution during a gas explosion
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6.4

Summary

This chapter firstly simulated the gas explosion propagation in a single entry roadway
using the SST k-ω model combined with Eddy-Dissipation Model. The gas explosion
propagation laws in a single entry roadway can be summarised as follows:


The overpressure experiences four phases, namely: an initial phase, a pressure
increase phase, a pressure decrease phase and an oscillation phase. The
pressure kept constant at zero before the approach of the shock wave and then
increased rapidly to its maximum value followed by a decreasing phase. From
1000 ms to 1600 ms, the whole roadway area was in a negative pressure state,
which can suck fresh air into the explosion zone from the unaffected part of the
roadway, causing a serious second dust explosion.



The wavefront undergoes three different types, namely: a spherical wave, a
cylindrical wave and a plane wave, due to the Mach stem wave reflection
phenomenon.



The maximum overpressure in the roadway at various locations is inversely
proportional to the square root of the distance from the heading. The
relationship can be expressed by the equation y  1100  x 0.5 . The fitting of this
equation has a large error over the first 40 m (about 10 times the cross-sectional
width of the roadway) and becomes much better afterwards.



The evolution of temperature at each monitoring point can be divided into four
periods, namely: an initial period, a warm-up period, a burning period, and a
burned period. Because the volume of methane is limited, the maximum
temperature along the roadway increases only at the methane-air mixture area
and then decrease as the distance increases from the heading. The highest
temperature reaches 2520°C.



The shock wave overpressure variation along the roadway can be divided into
three zones, namely: an unaffected zone, an affecting zone and an affected
zone. The temperature variation along the roadway can be divided into three
zones, namely: a high-temperature zone, a warm zone and an initial zone. The
temperature kept pace spatially with the high overpressure in space along the
roadway.
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The flame experiences four typical phases: a spherical flame phase (0 ms< t <2
ms), a finger-shaped flame phase (3 ms< t <30 ms), a phase where the flame
skirt touches the side walls (31 ms< t <80 ms) and a tulip flame phase after 80
ms.



When the gas mixture fills 14 m of the roadway, the flame speed is less than
the speed of sound, and the shock wave speed is higher than the speed of sound,
the gas explosion is a deflagration rather than a detonation.

Gas explosions were then simulated in a multiple entry roadways model which was
developed based on experiments conducted by NIOSH in LLEM. The simulation
results were validated by comparing the peak overpressure at three locations, as well
as changes in the overpressure with time. The gas explosion propagation laws in
multiple entry roadways can be summarised as follows:


When the shock wave encounters an intersection, it changes from a plane wave
to a spherical wave and propagates along both the main roadway and branches.
A negative pressure zone is created at the inner corner while a high positive
overpressure zone is created at the outer corner.



A reflected shock wave is generated due to the rib of the outer corner and
generated at the end of the branches due to the side roadway ribs. The shock
wave propagates into the branches before it propagates to the next intersection.
The overpressure in the three roadways increases synchronously. The whole
area of the roadways is in a negative pressure state after 1.0 s.



The overpressure in the single B-drift is much higher than that in the B-drift of
the multiple entry roadways. The overpressure in the single B-drift can be
expressed as y = 125.94x-0.09, and the overpress in the multiple entry roadways
can be expressed as y = 332.51x-0.455.



The average velocity of the shock wave in the single B-drift is 454 m/s, while
the velocity of the shock wave in the B-drift of the multiple roadways is 344
m/s. The velocity attenuation of the shock waves due to the branches reaches
24%.



The average overpressure decay in the multiple entry roadways is 13.8% while
it is 3.6% in the single B-drift. The impulse decay in the B-drift of the multiple
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entry roadways is 16.4%, a value that is higher than the decay in the single Bdrift without branches, which is 7.7%. The peak pressures and impulses in the
A and C drifts are not always less than that of the B-drift due to the
superposition of the shock wave from the adjacent two drifts.


The flame can form a finger-shaped and a flame with skirt touching the side
walls. However, the flame cannot form a tulip shape as the distance between
intersections is not long enough. The flame partly fills the branches before it
propagates beyond any intersection and spreads forward in the B-drift. Then,
the flame propagates along the three drifts simultaneously. The flame cannot
form a regular shape due to the influence of the shock wave incident from
several directions.



During a gas explosion, methane is pushed forward by the shock wave while
being consumed. At any intersection, the methane is pushed into two branches
first rather than flowing directly down the B-drift. The high concentration
methane is then pressed into thin slices on the outer rib with a bulge into the
B-drift before it burnt out in each drift. Even though the methane is initially
present in only the B-drift, it can be pushed into branches and the adjacent
roadways, providing high overpressure in the adjacent roadways.
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7 GAS CONCENTRATION AND EXPLOSION RISK AFTER COAL/GAS
OUTBURST ON A LONGWALL FACE
7.1

Introduction

An important factor for a gas explosion is the concentration of the methane-air mixture.
In underground coal mines, methane is emitted from everywhere. Under normal
mining and ventilation conditions, the ventilation system can dilute the emitted gas
and keep the mine in a safe operating condition. However, in some circumstances, the
gas concentration can increase rapidly to a high level and resulting in a gas explosion.
For example, coal and gas outbursts can release a large volume of methane in a very
short period. Normal ventilation cannot dilute this outburst methane quickly, leading
to the formation of a high concentration gas zone. The risk of a gas explosion from
this process needs to be taken into consideration.

In this chapter, two cases of coal and gas outbursts occurring on longwall faces in an
Australia mine is firstly introduced. Accordingly, a CFD model was then constructed
to study coal and gas outbursts. Coal and gas outbursts on a longwall face in two
different positions for different ventilation rates were then simulated. The maximum
back-flush distance and the variation of gas explosion risk area were analysed.

7.2

Case analyses of outburst accidents

One of the first gas outburst in Australia occurred in 1895 at Metropolitan Colliery
located in Helensburgh, New South Wales. Since then, over 700 outbursts have been
recorded within Australia. Gas outbursts have occurred in the Sydney and Bowen
Basins which are linked geologically but affected by different regional and local
characteristics. Metropolitan Colliery is a colliery prone to outbursts in the Bulli seam.
Since the first outburst in 1895 in Metropolitan Colliery, more than 156 outburst
incidents have been recorded in this mine, resulting in the loss of seven lives (Beamish
& Crosdale 1998; Harvey 2002; Harvey & Singh 1998).
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A gas outburst on a longwall face has the potential of negating the normal pressure at
the working face maintained by ventilation, interrupting temporarily face ventilation
and creating a back-flush zone with high gas levels in the vicinity of the burst site.
Unfortunately, before being diluted back to normal safe conditions by fresh air, an
explosion risk zone can be formed and explosion is possible under the right
circumstance.
On 23rd December 2016 and 4th January 2017, two outburst events occurred at Mine
A when mining operation passed through the strike-slip fault F-0001 at Longwall 27
(LW27), as shown in Figure 7.1. The first outburst occurred near chocks #68 and #69
and the second outburst created a cavity spaning chocks #55 to #62. The volume of
coal ejected during the first outburst was estimated to be 65 tonnes, and the amount of
gas emitted was 670 m3. During the second outburst, the ejected coal exceeded more
than 200 tonnes, and the emitted gas was about 6600 m3 (Kornek & Wylie 2017).

Figure 7.1 Outburst location (Kornek & Wylie 2017)

LW27 was between 410 m and 420 m below the surface, which equates to about 10.5
MPa overburden pressure excluding any longwall abutment effects. The orientation of
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the principal horizontal stress was between 045° and 060° relative to Grid North (GN).
The peak abutment stresses in LW27 increased by about 35 MPa ahead of the faceline. The coal is softened for around 8-m ahead of the face-line due to the mining
activity. This determines the location of the peak abutment stress. The abutment stress
can pressurise the gas which was in a low permeability condition due to the structure
F-0001. When the 8 m yield front intersected the structure F-0001, the high pressure
caused a rapid release of gas. Therefore, there is a clear association between the
outburst events and the structure F-0001 (Kornek & Wylie 2017).

The lithology of the immediate roof consisted of mudstone and sandstone. The
mudstone at the interface between the mudstone and sandstone tended to be weak,
having a low cohesion and was clay-rich. The thickness of the mudstone was about 0.4
to 0.8 m. The thickness of the coal seam was about 3.0 m, and the height of the
longwall face was about 2.9 m. Cleats were common in the coal seam. The face cleat
was about 280° relative to GN, dipping at about 85° to the west. The face cleat spacing
was about 0.5 to 0.7 m. The butt cleat was spaced at about 0.15 m to 0.5 m and was
approximately perpendicular to the face.

The Main West Fault F-0001 consisted of multiple faults in a shear zone, and had a
strike that trended between 060° and 070° relative to GN. The shear zone was 4 km
long and intersected with the Main West Panel, causing an outburst in MG26 Panel
before causing the outburst at LW27. The fault at MG27 Panel was about 1.2 m wide,
with a vertical displacement of only 0.1 m. Three shear planes were found in the fault
within MG27 containing mylonite with a thickness of 70 mm, 30 mm and 150 mm.
The mylonite was about 250 mm - 300 mm thick at the second outburst location, and
the vertical component of displacement was estimated to be 0.1 m. Mylonite reduced
the gas permeability through the structure F-001, which can be proved by that the
outburst cavity extended outbye the fault structure.

Pre-drainage of the coal seam was implemented prior to the commencement of the
mining operations. The holes drilled for Maingate 25 were planned to be extended into
the LW27 block. However, the boggy zone in the LW27 caused a motor and survey
tool to be stuck in a boggy zone. This boggy zone was drilled to test whether or not
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the area had a risk of an outburst. The risk was determined as being low based upon
the drilled data and hole monitoring results. Maingate 27 was drained by a series of
flank-holes from its start to the extent of the panel as of August 2012. The flank holes
that were drilled did pick up drilling anomalies, but the lead time of the drainage had
reduced the gas content to below the threshold for an outburst (Greg 2017; Kornek &
Wylie 2017).
The longwall face was ventilated by fresh air at a rate of 55 m3/s at the site of LW 27.
A real-time Gas Guard system was installed in MG26 to monitor the gas concentration.
The real-time CO2 monitor, which can read concentration up to a maximum of 5% was
located at about 340 m from the outburst location. During the outburst on the 23rd
December 2016, the CO2 concentration above the background concentration of 2.5%
lasted 31 minutes including a 3 minute period where readings exceeded the 5% limit.
During the outburst on the 4th January 2017, the CO2 concentration exceeded the
background concentration of 0.9% for 343 minutes including a 15-minute period when
readings rose above the 5% limit. These gas concentration trends during the outburst
are shown in Figure 7.2.

(a) Outbutst #1
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(b) Outburst #2
Figure 7.2 Outbursts gas concentration trend

7.3

Development of CFD models and the base model results
Working face layout

In order to better understand the outburst gas flow on a longwall face, full-scale threedimensional models with some key features of longwall equipment have been
developed. Based on the mine layout data collected from the outburst coal mine, the
working face height was set at 3 m and length as 325 m. The maingate roadway was
set at 5.2 m wide and 3 m high. The length of chocks was set as 7 m, and the length of
the face-end chock as 8 m. The longwall shearer, Beam Stage Loader (BSL) and
breaker/feeder of the belt conveyor were also considered. To simplify the modelling,
only the 60-metre-long maingate and the 150-metre-long working face were modelled.
To gain a thorough understanding of the outburst gas flow on a longwall face, models
with a shearer positioned at two different locations were developed, as shown in Figure
7.3. In each of the scenarios, it was assumed that the coal and gas outburst event was
triggered next to the maingate (MG) shearer drum, as indicated in Figure 7.3. Details
of the scenarios are:
•

Scenario A, the shearer is positioned 8 m from the maingate as shown in Figure
7.3 (a) and;
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•

Scenario B, the shearer is placed 100 m from maingate as shown in Figure 7.3
(b).

(a) Scenario A

(b) Scenario B
Figure 7.3 CFD longwall models and outburst sites

Figure 7.4 shows the computational mesh structure used in the CFD model. Due to the
complexity of the model geometry, an unstructured meshing method was used. To
check the mesh independency, several different sizes of mesh were tested, and the
results were compared. Considering the precision and calculating time, a meshing size
having 1364653 elements and 271543 nodes was selected.
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(a) Computational grids for CFD model

(b) Longwall chocks geometry and CFD grid

(c) Longwall shearer geometry and CFD grid
Figure 7.4 Computational grids for the CFD model
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Base model simulation

As shown in Figure 7.3, fresh air flows through the maingate to the longwall face and
discharge from the end of the model. The inlet is set as a velocity inlet, and the outlet
is set as a pressure outlet. Before simulating the gas outburst, the circulation in the
mine using normal airflow was simulated. The shearer was using two scenarios in the
CFD models, as shown in Figure 7.3. To establish the base flow pattern on the longwall
face, these simulations were carried out with a set of ventilation rates ranging from 20
m3/s to 90 m3/s for Scenario A and Scenario B, as listed in Table 7.1.

Table 7.1 A list of CFD model scenarios
Scenario
NO.

A

B

Ventilation volume Q
(m3/s)

Intake velocity (m/s)

1a

20

1.36

2a

40

2.73

3a

55

3.75

60

4.09

5a

70

4.77

6a

80

5.45

7a

90

6.14

1b

20

1.36

2b

40

2.73

3b

55

3.75

60

4.09

5b

70

4.77

6b

80

5.45

7b

90

6.14

4a

4b

Distance from outburst
site to maingate rib (m)

6.3

98.3

Figure 7.5 (a), (b) and (c) show the airflow velocity contours and vectors at the
longwall face for a base-case model of Scenario 3a, when the shearer is cutting 6.3 m
from the maingate, with a ventilation rate of 55 m3/s. Here air flowed from the
maingate at a high speed because of the BSL, breaker/feeder, and belt conveyor
occupying a large volume of space. Near the corner of the maingate and working face,
the air current flowed through the legs of the chocks and formed high air velocity
between the front and rear legs of the chocks. As the space between chocks and coal
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rib is larger, some air flowed through the chock legs from the rear area of the chocks
to the front area of the chocks, formed a transition zone, as shown in Figure 7.5 (c).

(a) Airflow velocity contours

(b) Airflow velocity vectors

(c) The velocity vector at the transition zone
Figure 7.5 Airflow velocity contours and vectors - Scenario 3a: shearer cutting
close to maingate, face ventilation Q = 55 m3/s
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Figure 7.6 (a) and (b) show the airflow velocity contours and vectors respectively at
the working face for Scenario 3b, when the shearer was cutting in the middle of the
longwall, with a ventilation flow rate of 55 m3/s. The velocity of air increased when
the air current approached the shearer and flowed through the shearer. The velocity of
air after it passed through the shearer was much higher than the normal velocity
without the shearer being present, as shown in Figure 7.6 (a). Comparing Figure 7.6
(b) and Figure 7.5 (b), it can be found that the velocity around the shearer was higher
when it was positioned in the middle of the longwall face than when it was positioned
near the maingate.

(a) Airflow velocity contours

(b) Airflow velocity vectors
Figure 7.6 Airflow velocity contours and vectors - Scenario 3b: shearer cutting
in the middle of the longwall, face ventilation Q = 55 m3/s

149

The velocity distribution on the section face 100 m away from the maingate is shown
in Figure 7.7. Here the velocity near the face-line was higher than the velocity near
and between the chock legs.

Figure 7.7 Velocity contour on the section face 100 m away from maingate, face
ventilation Q = 55 m3/s

7.4

Simulations of the gas outburst
Assumptions for the CFD modelling

The volume of gas released and the duration of the outburst needs to be defined in
order to model accurately the sudden gas emissions of a typical outburst event.
According to the analyses in Section 3.5.2 of this thesis, the following assumptions
were made for the CFD modelling work in this chapter:
•

The outburst site was located next to the maingate shearer drum;

•

The size of the outburst void was 1 m in diameter. The total volume of the
outburst gas was approximately 1100 m3. The outburst gas contained 50% CH4
and 50% CO2 by volume.

•

The release of the gas emission onto the longwall face followed the velocity
profile illustrated in Figure 3.8, i.e., it increased from 0 to 198 m/s in 6 seconds
(s), maintained a value of 198 m/s for 3 s and then dropped to nearly 0 in
another 21 s.
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•

The ejected coal was not modelled in the CFD model. However, a porous zone
was created in the CFD model to take into account the blockage effect of the
ejected coal from the outburst.
The gas outburst process

Figure 7.8 shows the gas outburst process for Scenario 3a (Q = 55 m3/s) in Table 7.1
in the first 6 seconds of the outburst event. The gas rushed out perpendicular from the
coal face at a high speed and then was restrained by the coal pile formed by the ejected
coal. Due to fresh air flow, most restrained gas changed direction and flowed with
fresh air. With time, more gas rushed out at an increasing speed and propagated around
the coal pile and the shearer drum downstream with the airflow. As the speed
increased, the gas nullified the flow of fresh air and flowed back towards the maingate.
The back-flush distance of this outburst gas is crucial in terms of the safe evacuation
of personnel.

Figure 7.8 Gas outburst process for: Q = 55 m3/s Scenario 3a

The maximum back-flush distance

For Scenario A and Scenario B, seven different ventilation rates from 20 m3/s to 90
m3/s were simulated. In Scenario A, the maximum back-flush distance (Dmax) was
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measured from the point of outburst to the outbye maingate rib plus the distance from
face-line to the methane fringe travelling against the ventilation; In Scenario B, the
maximum back-flush distance Dmax was measured from the outburst site to the fringe
of the gas flowing back towards the maingate, as shown in Figure 7.9.

(a) Scenario A – outburst close to the maingate

(b) Scenario B – outburst in the middle of longwall
Figure 7.9 Maximum gas emission back-flush distance

Figure 7.10 shows the maximum back-flush distances for Scenario A when the
ventilation rate changes from 20 m3/s to 90 m3/s. CFD modelling indicates that the
back-flush distance decreased from 11.7 m to 6.3 m. The gas did not flow into the
maingate.
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Figure 7.10 Maximum back-flush distance: Scenario A with different ventilation
rates (Q)

Figure 7.11 shows the maximum back-flush distances Dmax for Scenario B when the
ventilation rate changes from 20 m3/s to 90 m3/s. CFD modelling indicates that the
back-flush distance Dmax decreased from 24.3 m to 13.8 m. Again the gas did not reach
the maingate.

Figure 7.11 Maximum Back-flush distance: Scenario B with different
ventilation rates (Q)
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The predicted back-flush distances Dmax are summarised in Table 7.2.

Table 7.2 Maximum back-flush distance Dmax
Intake air volume rate
(m3/s)
Dmax
(m)

20

40

55

60

70

80

90

Scenario A

11.7

11.57

7.9

7.8

6.8

6.3

6.3

Scenario B

24.3

20.7

18.5

17.7

16.9

15.2

13.8

Figure 7.12 Maximum Back-flush distance versus longwall ventilation rate

The maximum back-flush distance Dmax versus longwall ventilation rate is plotted in
Figure 7.12. For Scenario A, the maximum back-flush distance Dmax followed a nearlinear reduction as the ventilation increased from 40 m3/s to 80 m3/s. There were
almost no changes in Dmax when the ventilation rate was less than 40 m3/s. Similarly,
when the ventilation rate was greater than 80 m3/s, Dmax remained constant. In
comparison, for Scenario B, the maximum back-flush distance Dmax decreased linearly
as the ventilation rate increases. It is reasonable to conclude that in general, the
maximum back-flush distance Dmax decreased linearly as the ventilation rate increased.
The maximum back-flush distance of Scenario B was more considerable than that of
Scenario A under the same intake volume rate. The difference was about 10 ± 2.5 m,
which is caused by the loss in energy when the backflowing gas flows from the
working face to the maingate. When a gas outburst occurs, mine workers must be able
to retreat safely out of the zone of the gas back-flush.
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The gas concentrations distribution

Some ‘monitoring points’ were set up in the CFD models to record the CH4 and CO2
concentration along the longwall face. These monitoring points were located 2 m
above the floor and 3 m from the working face. The distances of monitoring points to
the inside rib of the maingate were 0 m, 5 m, 10 m, 20 m, 30 m and 40 m for Scenario
A and 80 m, 90 m, 100 m, 110 m and 120 m for Scenario B. The monitoring points are
shown schematically in Figure 7.13.

(a) Monitoring points for Scenario A

(b) Monitoring points for Scenario B
Figure 7.13 Monitoring points in the CFD model

1) Gas concentrations at different locations versus time

The gas concentrations variation in Scenario 3a is shown in Figure 7.14. Here the
concentration of CH4 and CO2 were equal even though the densities of CH4 and CO2
were extremely different. Because the speed of the outburst gas was very high,
Graham's Law of Effusion (Diffusion) had a minimal effect on the propagation speed.
As the diffusion motion due to density had little effect on gas concentration, and the
CH4 and CO2 ratio in the outburst gas was 1:1, it is believed that the concentration of
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CH4 is the same as CO2 at any location at any time in this simulation. Only the
concentration of CH4 studied in this thesis.

Figure 7.14 Concentration of CH4 and CO2 at different locations (Scenario 3a:
Q = 55 m3/s)

It is clear that the CH4 concentration has a similar trend over time at different locations.
Before the outburst gas propagated to the monitoring points, the CH4 concentration
stayed at 0. It began to increase sharply when the outburst gas flowed to the monitoring
location. After it reached the maximum concentration, the CH4 concentration started
to fall off as the outburst intensity decreases and stops. At the downflow side of the
outburst location, the closer to the gas outburst location, the higher the peak gas
concentration. The peak gas concentrations at the 20 m, 30 m, and 40 m locations were
very similar. However, the concentration at the upflow side of the outburst location
was much lower than that of the downflow side. The duration of high gas concentration
was also very short at the upflow side of the outburst location. It is obvious that being
on the downflow side of the outburst location is much more dangerous for mine
workers than being on the upflow side. These results also applied to Scenario B, as
shown in Figure 7.15.
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Figure 7.15 CH4 concentration at different locations (Scenario 3b: Q = 55 m3/s)

2) The gas concentration under different ventilation rates versus time

Figure 7.16 and Figure 7.17 show that the CH4 concentration changes at a specific
location under different ventilation rates. This location is 0 m from maingate (MG) rib
for Scenario A, and 20 m from the outburst site for Scenario B. For Scenario A, the
gas concentration reached the maximum level of 38.5%. The duration of gas
concentration above 5% was 18.3 s when the ventilation rate was 20 m3/s. When the
ventilation rate increased to 40 m3/s, the maximum level of gas concentration
decreased to 25.8% and the duration of the gas concentration above 5% dropped to
10.5 s. When the ventilation rate increased to 90 m3/s, the maximum level of the gas
concentration decreased to 8.97% and the duration of the gas concentration above 5%
dropped to 2.1 s. For Scenario B, the backflush of CH4 did not reach the monitoring
point at 80 m from MG rib when the ventilation rate was maintained at over 70 m3/s.
When the ventilation rate was 60 m3/s, the maximum level of the gas concentration
was only 0.36%. However, when the ventilation rate decreased by only 5 m3/s to 55
m3/s, the maximum level of gas concentration increased to 9.02%, which is 25 times
of that at 60 m3/s. The maximum level of the gas concentration increased to 17.19%
and 27.22% when the ventilation rate decreased to 40 m3/s and 20 m3/s.
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Figure 7.16 CH4 concentrations with different ventilation rates versus time
(Scenario A: monitoring point at 0 m from maingate (MG) rib)

Figure 7.17 CH4 concentrations with different ventilation rates versus time
(Scenario B: monitoring point at 80 m from MG rib)
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Explosion risk area

The explosion risk for the mixture of outburst gas and air is calculated according to
Coward explosive triangle for methane (Coward 1928), as shown in Figure 7.18. The
F point marks the original condition of the fresh air. In this research, because the
outburst gas contains a 1:1 mixture of CH4 and CO2, the oxygen concentration versus
methane concentration has a relationship which can be expressed as follows:

Oxygen concentration=0.2093×(1-2×methane concentration)

(5.2)

Thus, the outburst gas and air mixture can only vary along the line FI. When an
outburst happens, it changes from fresh air to an explosive gas (area B) between G and
H along the FI line. When fresh intake air dilutes the mixture, it changes back along
the IF line from area C to area B towards area A. From Figure 7.18, it can be seen that
when the methane concentration is between 5.22% and 11.42%, the mixture is
explosive.

Figure 7.18 Coward explosive triangle for methane (Coward 1928)

Figure 7.19 shows that the explosion risk area changes with time. Because the methane
concentration of outburst gas is much higher than the Upper Explosive Limit, the
outburst gas can become an explosive mixture when diluted by fresh air. After 1.1 s
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since the outburst, the workings face can be subject to an explosion, as shown in Figure
7.19. The explosion risk area extends to the two sides of the outburst location as time
goes on. Visually the explosion risk area is pushed forward by the outburst gas during
the outburst stage and then by fresh air during the dilution stage. Until 100 s, the
working face still has an explosion risk area in the rear of chocks at about the 150 m
location.

Figure 7.19 The variation of the explosion risk zone

CH4 concentration across the longwall face at 150 m from the maingate

Figure 7.20 shows the change in the CH4 concentration changes the longwall face at
150 m from maingate, following the start of the outburst for Scenario 3a (Q = 55 m3/s).
Modelling results indicate that the released gas initially dissipated along the coal face
ahead of the chocks, and then appeared at the rear of the chocks. Methane propagated
through the middle-lower part of the working face section during this initial stage. The
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methane concentration increased quickly in front of the bottom of the coal face rib
before it spread to the whole working face section including the rear of the chocks.
When the outburst stopped, the methane concentration across the face decreased firstly
between the front columns of the chocks. The rear area of the chocks is a methane
difficult to dilute area. When the methane concentration decreased to 0.9% in front of
the chocks, concentration in the rear area was still higher than 3%. It takes more time
to dilute the rear area of the working face to make it safe for workers to pass through.

Figure 7.20 CH4 concentration changes at 150 m from MG

7.5

Summary

CFD models have been developed to study the process of sudden gas emission from a
typical coal and gas outburst event on a longwall face. Some scenarios have been
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modelled to understand the impacts of face ventilation rates on the maximum backflush distance against the face ventilation. The following conclusions are derived:


Sudden gas release from the outburst site will travel some distance against the
face ventilation to the upflow side of the outburst location. In general, the
maximum back-flush distance decreases linearly as the ventilation rate
increases.



For an outburst site close to the maingate (6 m away), the maximum distance
can extend to the maingate, at some 5.4 m, if the ventilation rate drops below
20 m3/s. For an outburst in the middle of the face, the back-flush distance can
extend 24 m against the ventilation.



For a longwall face with a ventilation rate around 55 m3/s, the maximum backflush distance is predicted to be 1.6 m into the maingate, if the outburst occurs
at some 6.3 m from the maingate rib. The back-flush distance can reach over
18 m against normal ventilation when the outburst occurs in the middle of the
longwall face.



Graham's Law of Effusion (Diffusion) has little effect on gas concentration
after a gas outburst occurred. The concentration of CH4 is the same as that of
CO2 at any location at any time when CH4 and CO2 ratio in the outburst gas is
1:1.



CH4 concentration has a similar trend over time at different locations.
However, the concentration at the upflow side of the outburst location is much
lower than that of the downflow side. The duration of high gas concentration
is also very short at the upflow side of the outburst location.



As the ventilation rate of fresh air increases, the peak CH4 concentration at a
specific location decreases and the duration of high concentrations of the gas
shortens noticeably.



After 1.1 s of the outburst, the workings face can be subject to an explosion.
The explosion risk area moves to both sides of the outburst location as time
goes on. Visually the explosion risk area is pushed forward by the outburst gas
during the outburst stage and then by fresh air during the dilution stage.



On the cross-section of the working face, the methane concentration increases
firstly in front of the bottom of the coal face rib before it spreads to the whole
working face section. When the outburst stops, the methane concentration
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decreases firstly between the front columns of chocks. The rear area of chock
is a methane difficult to dilute area. It takes more time to dilute the rear area of
the working face to make it safe for workers to pass through.
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8 GAS CONCENTRATION AND EXPLOSION RISK AFTER COAL/GAS
OUTBURST ON A HEADING
8.1

Introduction

In underground coal mines, the coal and gas outburst is also likely to occur on a
heading. The heading is generally ventilated by an auxiliary fan which is always
damaged by a high-velocity outburst. The high concentration gas in the heading can
remain for a long time and the gas can be explosive during the dilution process. It is
more dangerous when a coal and gas outburst occurs on a heading than on a longwall
face.

In this chapter, CFD models firstly were applied to a heading with different heading
lengths in the Mine A. The propagation of outburst gas and the gas concentration
variation in the roadways were then analysed. Finally, the gas explosion risk area was
determined according to the gas concentration.

8.2

Development of CFD models and base model results

Incidents of a sudden release of a large volume of gas and coal (high-pressure event)
on a heading can cause heavy casualties and damage of mine equipment. The outburst
gas can fill the auxiliary fan duct first. When the gas concentration monitored by the
methane breaker located near the fan reaches 1.25%, methane breaker would
disconnect the power supply to the fan and stop the fan. The outburst gas has the
potential of filling the whole outburst heading and causing high gas levels in the
adjacent heading which uses the same auxiliary fan as the outburst face. Also, during
the outburst process and after the outburst, there is the potential of forming a gas
explosion risk zone in these two headings. For gas outburst disaster management and
gas explosion risk assessment, there is a need to understand the gas outburst process
and the extent of its impact on a typical heading operation for different scenarios so
that a safe environment can be established for the workers at the headings.
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The layout of a heading

Based on information collected from the Mine A, the heading height was 3.2 m and its
width was 5.2 m. The heading layout is shown in Figure 8.1. The pillar length was 125
m, and the pillar width was 55 m. The ventilation volume Q was about 30 m3 /s before
flowing into the two headings. The diameter of the fan duct was 0.6 m.

Figure 8.1 The sketch of the heading layout

To achieve an insight into the evolution process of a high gas pressure event in relation
to ventilation on a heading, CFD models with prime heading lengths of 15 m, 25 m,
30 m, 45 m, 50 m, and 60 m were developed. The heading layout for the 15 m scenario
is shown in Figure 8.2.

Figure 8.2 CFD heading models and outburst sites
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In each scenario, it was assumed that the coal and gas outburst event was triggered
next to the continuous miner drum, as indicated in Figure 8.2.

Figure 8.3 shows the computational mesh structure used in the CFD model for the 15
m scenario. Due to the complexity of the model geometry, the unstructured meshing
method was used, with 1206544 elements and 241795 nodes.

Figure 8.3 Computational grids for the CFD model

In order to make the simulation reflect the actual heading, an ABM25 miner was
simulated at the heading. The sketch of the ABM25, provided by Illawarra Coal is
shown in Figure 8.4. The geometry and computational grids used for this ABM are
shown in Figure 8.5.

Figure 8.4 ABM miner geometry
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Figure 8.5 ABM miner geometry and CFD grid

Base model simulation of airflow

Preliminary simulations were carried out using the base-case CFD models to establish
the base flow pattern at the heading. These simulations were carried out with a set of
six heading lengths ranging from 15 m to 60 m. They are named Scenario 1~6 as listed
in Table 8.1. According to the field measured data, the ventilation rate was 30 m3/s,
which was a velocity of 1.8 m/s. Field measurements were used to obtain the necessary
information on the geometry and boundary conditions of the headings.

Table 8.1 A list of CFD model scenarios
Scenario NO.
Heading length, L (m)
3

1

2

3

4

5

6

15

25

30

45

50

60

Ventilation volume Q (m /s)

30

Intake velocity (m/s)

1.8

Figure 8.6 shows the heading airflow velocity contour for the base-case model of
Scenario 1. The velocity of the air current through the auxiliary fan was very high,
reaching about 106 m/s (v=Q/PI/R2=30/3.14/0.32=106 m/s). After the air flows out of
the fan, the velocity decreased very fast as the section area increased to about 60 times
that of the duct section area.

Figure 8.7 shows the velocity vectors and streamlines for the base-case model of
Scenario 1. In order to view more detailed velocity change, the upper limit of the
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displayed velocity range was set at 30 m/s. From Figure 8.7 (b) and (c), the vortex
zone was formed in front of the auxiliary fan due to the high velocity of air flowing
from the fan.

Figure 8.6 Airflow velocity contours – Scenario 1: L= 15 m

Figure 8.7 Airflow velocity vectors and streamlines– Scenario 1: L= 15 m
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8.3

Simulations of gas outbursts
Assumptions for CFD modelling

In this chapter, the total volume of released gas and outburst duration at the heading
were set the same as those of an outburst on a longwall face. The velocity profile is
also illustrated in Figure 3.8.

In addition, the following assumptions were made for gas outburst modelling on a
heading:
•

The outburst site was located next to the ABM25 drum;

•

The size of the outburst void was 1 m in diameter. The total volume of outburst
gas was approximately 1100 m3. The outburst gas contained 90% CH4 by
volume and 10% air.

•

The ejected coal was not modelled in the CFD model.

•

The fan duct in the headings remained intact and was not affected by the
outburst gas or coal.

The time when the auxiliary fan stops working

During the normal heading excavation, the auxiliary fan sucks air from the end of the
duct into two headings so that fresh air could flow into the heading. When a sudden
gas outburst occurs in the heading, the outburst gas initially will flow through the duct
to the fan. When the gas concentration monitored by the methane breaker located near
the fan reaches 1.25% (Queensland 2018; Wales 2014; Zealand 2014), methane
breaker would disconnect the power supply to the fan and stop the fan to avoid the
potential of a gas explosion. Table 8.2 lists the time needed for the methane
concentration to reach 1.25% at the auxiliary fan for different heading lengths. Based
on these data, Figure 8.8 was constructed. From Table 8.2 and Figure 8.8, it can be
seen that when the heading length increased from 15 m to 60 m, the time needed for
the CH4 concentration to reach 1.25% increased from 3.119 s to 3.559 s, following a
near-linear function. For all heading lengths, the time difference was very small. In all
cases, the fan would stop working in less than 4 s.
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Table 8.2 Time when CH4 reaches 1.25% at fan
Scenario NO.

Heading length, L (m)

The time when CH4 reaches 1.25% (s)

1

15

3.119

2

25

3.243

3

30

3.268

4

45

3.33

5

50

3.405

6

60

3.559

Figure 8.8 Time when the CH4 concentration reaches 1.25%
Figure 8.9 shows the changes in CH4 concentration at the auxiliary fan after the
outburst occurs. Before the outburst gas arrived at the fan, the CH4 concentration was
0 (the background CH4 was neglected) and the fan kept operating. When the CH4
arrived at the fan, the concentration of CH4 increased very quickly to 1.25% in just
several seconds, and then the methane breaker disconnected the fan power. Even
though the fan stopped working, a high concentration of CH4 gas, already in the duct,
kept flowing towards the fan. Some outburst gas also flowed into the duct due to the
high pressure and velocity at the outburst location. The concentration at the fan
increased rapidly to 70%~80% and then decreased to 55%~60% before increasing
rapidly again. After 150 s, the gas concentration at the fan duct started to decrease
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slowly. At 600 s, the concentration was still above 50% for scenario 6 (L=60 m) and
10% for Scenario 1 (L=15 m).

Figure 8.9 Gas concentrations at fan

The gas outburst process

Figure 8.10 shows the gas outburst process for Scenario 1 (L = 15 m) in the first 100
seconds of the outburst event. From Figure 8.10, it can be seen that outburst gas filled
the heading first and then flowed into both the travel road and the first intersecting cut
through. Fresh air from the inlet applied resistance to the gas movement in the travel
road so that it slowed down and flowed back to the cut through. When the outburst gas
reached the belt road, some gas also flowed to the heading even though the auxiliary
fan had stopped working. In addition, some outburst gas also flowed to the adjacent
heading through the fan duct. Thus, the adjacent heading also is filled with outburst
gas and became dangerous for workers in the area.
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Figure 8.10 Gas outburst process for Scenario 1: L = 15 m

The maximum back-flush distance

The maximum back-flush distance (Dmax) was measured from the rib of the cut through
to the fringe of the methane travelling against the ventilation, as shown schematically
in Figure 8.11.
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Figure 8.11 Maximum gas emission back-flush distance

Figure 8.12 shows the maximum back-flush distances for the six scenarios. CFD
modelling indicated that the back-flush distance decreased from 27 m to 5 m as the
length of the heading increased from 15 m to 60 m.

Figure 8.12 Maximum back-flush distance of the six scenarios

The maximum back-flush distance and the time that it took to reach Dmax for each
scenario are summarised in Table 8.3 and the relationships among the Dmax, the
required time and the heading length are plotted in Figure 8.13. Here, the maximum
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back-flush distance Dmax follows a near-linear reduction as the heading length
increased from 15 m to 60 m. The fitting equation with a correlation coefficient of
0.9974 is expressed as Eq. (8.1). The maximum back-flush distance can be predicted
using this equation.
y  0.4984 x  35.325

(8.1)

In all cases, the Dmax was reached in 14.5 s to 17 s, decreasing as the length of the
heading increased. The difference in time was very small. The time that it took to reach
Dmax also follows a near-linear function as the heading length increased from 15 m to
60 m. The fitting equation with a correlation coefficient of 0.9459 is expressed as Eq.
(8.2).
y  1.3043x  177.25

(8.2)

Table 8.3 Maximum back-flush distance Dmax and the required time
Scenario NO.

The length of the
heading (m3/s)

Dmax (m)

Time (s)

1

15

27

17

2

25

23.8

16

3

30

20.4

15

4

45

13.2

14.5

5

50

10.4

14

6

60

5

14.5
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Figure 8.13 Maximum back-flush distance versus heading length

Figure 8.14 shows the gas distribution when the methane gas in the travel road is
flushed out by fresh air. Even though methane was cleaned out of the travel road, it
was still present at a high concentration at the heading. The adjacent heading was also
filled, or partially filled, with a high concentration of gas depending upon the length
of the outburst heading. The time needed for fresh air to blow away the gas in the travel
road decreased from 155 s to 90 s as the heading length increased from 15 m to 60 m,
as shown in Figure 8.14.

Figure 8.14 Gas distributions when the travel road is clear
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The impact of outburst gas volume

A scenario with 2200 m3 of outburst gas, which is double the volume of Scenario 1,
was calculated and compared with Scenario 1 to study how the outburst gas volume
affects the maximum back-flush distance. From Figure 8.15, it can be seen that the
maximum back-flush distance was 71.5 m when the volume of outburst gas was 2200
m3. This is 2.65 times the length found for Scenario 1. Thus, it can be stated that the
ratio of the maximum back-flush distance is higher than the ratio of the outburst gas
volume when the outburst event becomes much more serious, i.e. the more gas,
backflushing distances increase disproportionately. According to Eq. (8.1) and Eq.
(8.2), the maximum back-flush distance and duration can be estimated under different
heading length and outburst intensity.

Figure 8.15 Maximum Back-flush distance under different outburst volumes
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The changes in the gas concentration at different locations

Some token ‘monitoring points’ were set in the CFD models to record the CH4
concentration along the heading. These monitoring points were located 1.7 m above
the floor and in the middle of the width direction, at 0 m, 10 m, 20 m, 30 m, 40 m, 50
m and 60 m in the heading where the outburst occurred; and 0 m, 10 m, 20 m, 30 m
and 40 m in the adjacent heading. The monitoring points are shown in Figure 8.16.
The changes in the methane concentration over time at the outburst heading at these
different locations are shown in Figure 8.17~Figure 8.22.

Figure 8.16 Monitoring points in the CFD model (scenario 6: L=60 m)

Figure 8.17 CH4 concentration at the outburst heading (Scenario 1: L=15 m)
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Figure 8.18 CH4 concentration at the outburst heading (Scenario 2: L=25 m)

Figure 8.19 CH4 concentration at the outburst heading (Scenario 3: L=30 m)
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Figure 8.20 CH4 concentration at the outburst heading (Scenario 4: L=45 m)

Figure 8.21 CH4 concentration at the outburst heading (Scenario 5: L=50 m)
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Figure 8.22 CH4 concentration at the outburst heading (Scenario 6: L=60 m)

From Figure 8.17~Figure 8.22, it can be seen that the methane concentration at all
“monitoring points” increased from 0 to 90% (the concentration of methane in the
outburst gas) very quickly. Then the methane concentration decreased from the
location furthest from the heading, as fresh air blew towards the heading from the
travel road. After about 200 to 300 s, the concentration of methane started to decrease
slowly along the whole heading in all cases. The closer to the heading, the longer the
time that high concentrations of methane persisted. As the fan had stopped working,
the flow of fresh air into the heading was impeded such that high concentrations were
maintained for a long time. For example, after 600 s, the concentration of methane at
the 60 m long heading was still as high as 35%. Other lengths of the headings were
similar. As the fan cannot be restarted at such high methane concentrations, brattices
should be used to allow fresh air to dilute the high concentrations of gas quicker.

The changes in methane concentration versus time at the heading adjacent to the
outburst heading at different locations are shown in Figure 8.23~Figure 8.28.
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Figure 8.23 CH4 concentration at the adjacent heading (Scenario 1: L=15 m)

Figure 8.24 CH4 concentration at the adjacent heading (Scenario 2: L=25 m)
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Figure 8.25 CH4 concentration at the adjacent heading (Scenario 3: L=30 m)

Figure 8.26 CH4 concentration at the adjacent heading (Scenario 4: L=45 m)
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Figure 8.27 CH4 concentration at the adjacent heading (Scenario 5: L=50 m)

Figure 8.28 CH4 concentration at the adjacent heading (Scenario 6: L=60 m)

As discussed in section 8.3.3, methane could flow into the adjacent heading through
the fan duct and the cut through. From Figure 8.23~Figure 8.28, it can be seen that as
the heading length increased from 15 m to 60 m, the highest methane concentration in
the adjacent heading decreased from 71.3% to 27.6%. It took about 60 s to 100 s for
the methane to arrive at the adjacent heading. As the concentrations at locations of 0
m and 10 m from the heading were lower than the concentrations at locations further
from the heading, it can be stated that most of the methane in the adjacent face came
183

through the cut through rather than from the fan duct. The concentration of methane
in the heading (monitoring point of 0 m and 10 m) became higher than that of at the
belt road (monitoring point of 20 m, 30 m and 40 m) from about 200 s ~250 s because
the methane in the belt road was soon diluted by fresh air since the gas outburst.

Explosion risk area

As the outburst gas contains only methane and air, the oxygen concentration versus
methane concentration has a relationship which can be expressed as follows:

Oxygen concentration=0.2093×(1-methane concentration)

(8.3)

Thus, the gas mixture in the heading can only vary along the FI line, as shown in Figure
8.29. After the outburst occurs, it changes from fresh air to explosive gas (area B) and
then to “may become explosive when diluted by air” (area C) along the FI line. When
fresh air dilutes the mixture, it changes along the IF line from area C to area B and
then area A. From Figure 8.29, it can be seen that when the methane concentration is
between 5.1% and 14%, the gas mixture is explosive.

Figure 8.29 Coward explosive triangle for methane (Coward 1928)
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Figure 8.30 shows the area at risk of an explosion over time after a coal and gas
outburst for a heading length of 60 m. Here, the heading of the travel road was filled
with outburst gas in less than 10 s. Due to the high concentration of methane within
the outburst gas, the heading of the travel road may become explosive when diluted by
air. As the outburst gas flowed to the cut through and flowed back to the travel road,
the explosive area appeared in front of the latter area as shown at the times between
20 s and 25 s. Afterwards, the gas in the cut through was pushed forward by fresh air
from the travel road, and the area susceptible to an explosion constantly increased from
105 s to 180 s. At 210 s, the explosive area spread to the belt road and was connected
with the explosive area in the heading of the belt road. After 210 s, the explosive area
in the cut through was diluted gradually while the explosive area in the belt road was
constantly increasing. At 345 s, the entire belt road including the heading became
explosive area. After this, the “Explosive” area was gradually pushed out of the belt
road of the studied model, but it can be imagined that the “Explosive” area still existed
in the belt road which was not shown in the CFD model. At 600 s, the gas concentration
at the two headings was still higher than that required for an explosion. It is difficult
to dilute the gas at the headings without assistance from a device like a brattice. Extra
care is required when diluting the gas at the headings of the travel road because it will
be diluted through the explosive range before it becomes safe.
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Figure 8.30 The variation of explosive zone

8.4

Summary

In this chapter, the process of sudden gas emission from a typical coal and gas outburst
event in a heading with different heading lengths was conducted. Some scenarios were
modelled to understand the impacts of heading length and outburst gas volume upon
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the maximum back-flush distance. Gas propagation in the roadways and variation of
the explosion risk area were also analysed. The following conclusions can be made:


The time needed for the gas concentration at the fan to reach 1.25% increased
as the heading length increased, following a near-linear function. When the
heading length increased from 15 m to 60 m, the time needed for the CH4
concentration to reach 1.25% increased from 3.119 s to 3.559 s.



When a coal and gas outburst occurs, the outburst gas will fill the heading first
and then flow to both the travel road and the cut through when it reaches the
intersection. When the outburst gas reaches the belt road, some gas flows to
the heading even though the fan has stopped working. The outburst gas also
flows to the adjacent heading through the fan duct. Thus, the outburst gas can
also fill the adjacent heading and form a dangerous area for workers.



The maximum back-flush distance was 27 m, 23.8 m, 20 m, 13.2 m, 10.4 m
and 5 m when the length of the heading was 15 m, 25 m, 30 m, 45 m, 50 m and
60 m respectively. The maximum back-flush distance decreased from 27 m to
5 m as the length of the heading increased from 15 m to 60 m. The time needed
for the back-flush distance to achieve its maximum value, the Dmax, decreased
from 17 s to 14.5 s. The time needed for fresh air to blow away the gas in the
travel road decreased from 155 s to 90 s.



The maximum back-flush distance could reach 71.5 m when the volume of the
outburst gas was 2200 m3, and the heading length was 15 m. This result is 2.65
times the distance when the volume was 1100 m3. The ratio of the maximum
back-flush distance is higher than the ratio of the outburst volume when the
outburst event becomes much more serious.



The relation of the maximum back-flush distance and heading length can be
expressed as y  0.4984 x  35.325 and the duration can be expressed as
y  1.3043x  177.25 . According to these equations, the maximum back-

flush distance and duration can be estimated under different heading length and
outburst intensity.


After 600 s, the concentration of methane at the heading was still as high as
35% for a heading length of 60 m. This concentration is dangerous. Similar
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results were found for other heading lengths. Methane can flow into the
adjacent heading through the fan duct and the cut through.


The heading of the travel road was filled with outburst gas in less than 10 s.
Because the concentration of methane within the outburst gas was much higher
than the Upper Explosive Limit, the heading of the travel road may become
explosive when diluted by air. The explosive area appeared in front of the
outburst gas frainge since 20 s and increased with time. At 600 s, the gas
concentration at the two headings was still higher than that required for an
explosion. Extra care is required when diluting the gas at the headings of the
travel road because it will be diluted through the explosive range before it
becomes safe.
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9 GAS CONCENTRATION AND EXPLOSION RISK AFTER GAS
EMISSION IN A HEADING AND A GOAF
9.1

Introduction

In underground coal mines, during the excavation process, due to the long ventilation
distance, the small ventilation volume and lack of an operating auxiliary fan, it is easy
to accumulate gas at the heading, increasing the risk of a gas explosion. Also, in a
longwall goaf, there is no ventilation to prevent gas accumulations. Here, the emitted
gas from the roof, floor and residual coal can build up to explosive levels. The coal
combustion and rock stratum fracture friction can trigger an explosion. Thus, gas
accumulations in a heading and in a longwall goaf also need to be considered during
the normal excavation and mining process.

In this chapter, the gas accumulation process caused by the stoppage of an auxiliary
fan in a heading was first simulated. The gas concentration in the heading was
calculated, and the gas explosion risk area was determined. Then, the emission and
migration of gas in an active longwall goaf were modelled by considering the goaf
area as a porous medium. The concentration of methane in the goaf and the gas
explosion risk area was then calculated. The influencing factors such as ventilation,
goaf gas drainage, gas emission rate and goaf length were finally studied to better find
solutions for the prevention of a gas explosion.

9.2

Gas accumulation in a heading caused by the stoppage of an auxiliary
fan

Roadway tunnelling is an important part of an underground coal mine. During the
roadway tunnelling process, the heading is generally ventilated by an auxiliary fan. On
a heading, many factors can affect effective ventilation, such as roadway design, power
supply and equipment management, the type of ventilation system, gas emission in the
roadway and damaged ventilation facilities. It is easy to allow the gas accumulation in
a heading, and this accumulated gas can lead to a gas explosion. Therefore, there is a
need to understand the gas accumulation process as a result of auxiliary fan trip-off in
a heading and to determine the distribution of the gas explosion risk area.
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Development of CFD models and base model results
9.2.1.1 The heading layout

(a) Simplified model sketch

(b) Typical layout of longwall mines

Figure 9.1 The Mine B longwall layout

Using the Mine B longwall layout, as shown in Figure 9.1, part of the gateroad being
excavated and mains were selected for the study. Based on the actual mine layout, a
simplified geometric model of mains and gateroads was built, and the main dimensions
are shown in Figure 9.2 (a). The width of the roadway was set at 5.2 m, and its height
at 3.0 m. The width and length of the chain pillar were 46 m and 99.8 m, respectively.
The major development pillars in the mains were in different sizes, as shown in Figure
9.1. The diameter of the fan duct was 0.6 m, and the distance of the duct to the heading
was 3 m. The duct was installed 0.5 m away from the roof and the rib. The 3D CFD
model of the heading was developed using the schema shown in Figure 9.2. From
Figure 9.2 (a), it can be seen that the boundary conditions involve five inlets and two
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outlets. Some seals were constructed to direct airflow. The air overcast and the
auxiliary fan can be seen in Figure 9.2(b).

(a) Plan view of the CFD model geometry
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(b) 3D view of the CFD model geometry
Figure 9.2 Heading CFD model geometry

9.2.1.2 Base model validation

During the normal roadway tunnelling process, the middle 5 roadways in the mains
were used for fresh air intake airways and the other two were used as returns.
According to the airflow monitoring data, the airflow rate at positions A, B and C in
Figure 9.3 was 37.1 m3/s, 26.3 m3/s and 33.9 m3/s, respectively. The total airflow rate
was 97.3 m3/s. To simplify the model, the airflow rate for five inlets was set as 20 m3/s,
which was 100 m3/s in total. The simulated airflow streamlines and the airflow rates
are shown in Figure 9.3. As shown in Figure 9.3, the air flowing from inlet 4 and inlet
5 flowed to the heading in the mains and then flowed out through outlet 2. Fresh air
from inlet 1 and part of inlet 2 flowed into the gateroad headings and flowed out
through outlet 1. Fresh air from inlet 3 and part of inlet 2 flowed into the headings in
mains and then flowed out through outlet1. The airflow rate at the positions A, B and
192

C was 38 m3/s, 22 m3/s, 40 m3/s, respectively. The streamlines at the headings are
shown in Figure 9.4 (a) and the velocity vectors at the headings with the presence of a
continuous miner are shown in Figure 9.4 (b). Fresh air was drawn into the heading by
the auxiliary fan and then flowed through the fan duct to the fan at a very high speed.
A vortex zone was generated adjacent to the auxiliary fan.

Figure 9.3 The velocity streamlines when the fan is working

(a) Velocity streamline at heading
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(b) Velocity vector at heading
Figure 9.4 Velocity streamline and vector at heading

Gas accumulation when the fan is out of service
9.2.2.1 Gas distribution during fan operation

According to the gas monitor data collected from the Mine B, the gas emission rate
was 30 l/s at the heading. As discussed in Section 3.3 of this thesis, the calculated gas
emission rate was 31.38 l/s, which was in accordance with the in-situ monitored data.
In this study, methane emission with a constant rate of 30 l/s was set at both the two
headings.

Under the normal working condition of the auxiliary fan, the emitted gas was diluted
by fresh air and flowed through the fan duct to the belt road. The gas concentration at
the heading with effective heading ventilation is shown in Figure 9.5. Here, the area
of high methane concentration was at the gaps between the drum of the continuous
miner and the coalface of the heading, because the continuous miner can obstruct the
air current and decrease the air velocity. The methane concentration increased as the
height increased because the density of methane is lower than that of air. Under the
action of buoyancy, the gas with the lower density will rise.
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(a) 2.5 m above the floor

(b) 2.0 m above the floor

(c) 1.5 m above the floor
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(d) 1.0 m above the floor

(e) 0.5 m above the floor
Figure 9.5 The gas concentration at the heading at different heights

9.2.2.2 Gas accumulation process

To visualize the gas accumulation process more directly, the gas concentration on the
section plane of 2 m above the floor at different times is summarized in Figure 9.6.
Here, at time t=0 s, there was only a low concentration of methane accumulated
between the continuous miner drum and the coalface. At t=2 s, the accumulated
methane flowed into the duct in the heading of the travel road. However, in the heading
of the belt road, the accumulated methane was blown away from the end of the duct
by residual fresh air flowing from the duct. At t=20 s, the highest gas concentration in
the left heading exceeded 5%, which is the concentration for an explosion, as shown
in Figure 9.6 (b). At about 60 s, the high concentration of methane filled more than
one-third of the two headings, as shown in Figure 9.6 (c). At 85 s, the high
concentration gas filled half of the headings and one-fourth of the headings had
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reached the explosion limit, as shown in Figure 9.6 (d). At 150 s, the whole left heading
was filled with a high concentration gas, and one-third of the left heading including
the fan duct was filled with gas of explosive concentration ( Figure 9.6 (e)). At 220 s,
both the two headings were filled with a high concentration of gas, and nearly half of
the heading was filled with a gas of explosive concentration (Figure 9.6 (f)). At about
720 s, the gas in the explosive range spread to the whole right heading and 25 m in the
left heading ( Figure 9.6 (g)). By the dilution effect of fresh air from the travel road,
the last 5 m of the heading stayed below the explosion limit all the time. After 720 s,
the gas concentration in the heading still kept increasing as shown in Figure 9.6 (h).

Figure 9.6 Gas accumulation process
9.2.2.3 The variation in gas concentration

To study the variation in gas concentration at different locations, monitoring points
were set in the two headings. They were located at 2.0 m above the floor and on the
centre line of the roadway. The distance of these monitoring points from the coalface
was 0 m, 10 m, 20 m, and 30 m along the heading of the travel road and 0 m, 10 m, 20
m, 30 m, 40 m, 50 m, and 60 m along the heading of the belt road, as shown in Figure
9.7.
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Figure 9.7 Gas monitoring points location

Figure 9.8 shows the variation in gas concentration with time at the 4 monitoring points
along the heading of the travel road. Here, the gas concentration at location 0 m
increased very soon after the fan stopped working. After about 10 min, the
concentration increased to 6.24% and then slightly decreased to 6% and kept stable.
The gas concentration started to increase from 35 s, 95 s and 134 s at locations 10 m,
20 m and 30 m respectively. The stable methane concentrations at these three locations
were 3.77%, 3.25% and 3.56%, respectively. As the distance increased, the gas
concentration decreased. However, the gas concentration at location 30 m was higher
than that of location 20 m. This phenomenon was caused by gas accumulation due to
the blockage effect of the fan duct. At a height of 2 m, the gas concentration in the area
less than 10 m from the heading reached the explosion limit.
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Figure 9.8 CH4 concentration at the heading of the travel road

Figure 9.9 shows the variation in gas concentration with time at the 7 monitoring points
along the heading of the belt road. Here, the variation in gas concentration was similar
to that in the heading of the travel road. The gas concentrations at the 7 monitoring
points started to increase from 0 s, 4.5 s, 24 s, 82 s, 153 s, 203 s and 213 s, respectively.
At 30 min, the methane concentrations at these points reached 9.51%, 9.46%, 8.46%,
7.44%, 6.17%, 4.56% and 2.06% respectively. As the distance increased, the gas
concentration decreased. Also, at the height of 2 m, the gas concentration in the area
more than 40 m from the heading reached the explosion limit.
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Figure 9.9 CH4 concentration at the heading of the belt road

Comparing the gas concentration variation at two headings, it can be found that the
gas concentration in the heading of the travel road was much lower than that of the
belt road. In addition, the gas concentration in the heading of the travel road had a
slightly decreasing trend and then remained stable. However, in the heading of the belt
road, the gas concentration kept increasing once the fan stopped working. The lower
concentration of gas in the heading of the travel road benefited from the higher flow
resistance generated by the fresh air current and the lower resistance flow channel
provided by the fan duct. The high resistance created by fresh air in the heading aided
the accumulated gas to flow into the fan duct. Due to the blockage effect of the fan
blades, the gas flowed to the heading rather than to the fan. The emitted gas flowed
upward due to the buoyancy effect. In the heading of the travel road, below the fan
duct, the emitted gas flowed to the end of the duct and then to the heading of the belt
road. So, the gas concentration in the heading of the travel road was much lower than
that of the belt road.
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9.2.2.4 Gas explosion risk area

In order to fully understand the distribution of explosion risk area within the two
headings, the gas concentration at t=30 min was studied.

The area susceptible to a gas explosion in the headings is shown in Figure 9.10. Here,
the explosion risk area in the heading of the travel road was mainly distributed above
the fan duct and between the coalface and the continuous miner drum. Due to the
blockage effect by the continuous miner, the area just above the continuous miner was
also a high explosive hazard area. The upper corner of the intersection of the cut
through and the travel road was also a high gas concentration area even though the gas
concentration here did not reach the explosive range. In the heading of the belt road
(Figure 9.10 (b)), because the gas could not flow through the fan duct, the gas
accumulated at the heading. The area 20 m from the heading became susceptible to a
gas explosion. Beyond 20 m, the explosion risk area shrank gradually to the roof and
remained 1.6 m from the roof. At the upper corner of the intersection of the cut through
and the belt road, the gas concentration also reached the explosion limit. Along the
width direction, the gas concentration did not have an obvious change. Figure 9.10 (c)
shows the explosion risk area at different heights. As the height increased, the gas
concentration in the heading of the travel road increased gradually to the explosion
limit. At the heading of the belt road, the explosion risk area spread from the heading
to the belt road as the height increased. The gas concentration in the cut through
increased as the height rose, but always remained below the Lower Explosive Limit.
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(a) Heading of the travel road

(b) Heading of the belt road
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(c) Section plane at different heights
Figure 9.10 The distribution of gas explosion risk area

From these results, the risk of a gas explosion is high in the heading when the auxiliary
fan stops working. Actions should be taken to dilute the accumulated gas before
restarting the auxiliary fan to prevent a gas explosion.

9.3

Gas accumulation in a longwall goaf

Gas emission and accumulation in the longwall goaf is a problem that cannot be
ignored in some highly gassy coal mine in Australian. A large amount of gas
accumulating in the goaf is often brought into the longwall face or gateroads by air
leakage, which generally affects normal production. Furthermore, sometimes the
pressure balance between the working face and the goaf is in disequilibrium due to
roof collapse or a change in the system of ventilation. In these cases, gas in the goaf
can flood the longwall face, becoming a safety hazard for workers and even causing a
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gas explosion at the longwall face. In addition, the accumulated gas in the goaf can be
ignited by the heat generated by coal combustion or by the rock stratum fracture
friction. Therefore, the study of the gas emission and accumulation in the goaf can
provide basic information for developing effective goaf gas drainage and control
strategies for preventing and controlling a gas explosion in the mine goaf.

As the goaf is a concealed caved area, it is hard to monitor the gas composition
variation in the whole goaf area directly and visually. With the help of CFD numerical
simulation technique, the gas distribution in an active goaf using a U-type ventilation
system is investigated. The influence factors such as the ventilation rate, gas emission
rate, goaf length and gas drainage on gas distribution are then studied.

Development of CFD longwall models
9.3.1.1 Base model development

The required information such as the layout dimension of the longwall goaf,
ventilation method, and the gas emissions were collected during a field study.
According to the data collected, the length of the longwall face was 273 m including
the maingate and tailgate, and the mining height was 2 m. The height of the gateroad
was 2 m with a width of 5.2 m. As for the goaf area, the width was 273 m, and the
length was s set at 500 m in the retreating direction for use in the base modelling. The
height of the goaf was set as 52 m to cover any goaf collapse and its associated fracture
zone.
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(a) Plan view of the CFD model geometry

(b) 3D view of the CFD model geometry
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(c) Computation grid of the CFD model
Figure 9.11 Longwall goaf CFD model geometry and computational grid

Figure 9.11 shows the plan view of the CFD model, its boundary conditions, a 3D view
of the CFD model and the computational grid. The model was meshed using a
hexahedron methodology for the longwall face and gate roads and a tetrahedron
meshing methodology for the goaf area in order to accommodate the complex
geometry of its drill holes. To check on the mesh independency, three meshing
schemes: coarse mesh, medium mesh and fine mesh having 313231, 400788, and
607116 control volumes respectively were adopted in the simulation.

9.3.1.2 Boundary conditions

As for the boundary conditions, the two velocity inlets were set at the entries of the
maingate. The pressure outlets were set at the exit of the tailgate and the end of the
maingate. The roof, floor and ribs of the roadways as well as the boundaries of the
goaf were set as standard walls. The goaf area was simulated as porous media. A
momentum source term was added to the standard fluid flow equations, as discussed
in Section 3.4 of this thesis. The variation in permeability within the goaf area was
used as discussed in Section 3.4.3 and expressed by Eq. (3.25). According to Eq.
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(3.25), a User-Defined Function (UDF) was developed to represent the spatial
distribution of permeability in the goaf. The UDF code also includes the definition of
the gas emissions in the goaf and the seals within the CFD model. The process of
linking the UDF file (Goaf.c) to the CFD model is shown in Figure 9.12. Using the
“Interpreted” function under “User Defined” menu (Figure 9.12 (a)), the UDF file
(Goaf.c) is interpreted (Figure 9.12 (b)). Then, the momentum and gas emission
function is linked to goaf as source term (Figure 9.12 (b)).

(a) Open “Interpreted UDFs” dialog box

(b) Interpret the UDF file
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(a) Link the momentum and gas emission function to goaf
Figure 9.12 The process of linking the UDF file (Goaf.c) to the CFD model

Base model validation and results
9.3.2.1 Mesh independence check

The CH4 concentration and velocity in the goaf along the face retreat direction and
along the working face were compared to evaluate the mesh independence, as shown
in Figure 9.13. As the number of control volumes increased, the velocity along the
goaf and working face, the CH4 concentration along the goaf and the working face do
not have a significant change. It can be concluded that a mesh independent solution
could be obtained by using the coarse mesh with 313231 control volumes. However,
computer capacity allowed a medium mesh of 400788 control volumes to be adopted
in this study.
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(a) CH4 concentration along the goaf

(b) CH4 concentration along the face
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(c) Velocity along the goaf

(d) Velocity along the face
Figure 9.13 Comparison of CH4 concentration and gas velocity for the mesh
independence check
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9.3.2.2 Base model validation

During the base model simulation, the air velocity and the gas concentration along the
face were monitored. The simulation results were compared to the field measurement
data in order to validate the base model. The air velocity was measured at chocks #18,
#72, #153, #155, and #157, which were 34.5 m, 129 m, 270.75 m, 274.25 m, and
277.75 m from the maingate rib. The air velocity along the longwall face monitored
during the simulation and the velocity measured at the five chocks are shown in Figure
9.14. It can be seen that the velocity difference at chock #18 is relatively large, 1.07
m/s or 29.7%. However, the velocity difference at other locations is much smaller.
Thus, the filed data fits the simulation curve very well.

Figure 9.14 Comparison of air velocity along the working face

The gas concentration behind chock legs at chock #82, #92, #102, #112, #122, #132,
#142, #152, #157 and #158 was also measured and compared to the simulation results
as shown in Figure 9.15. Here, the field and simulation data does not coincide with
each other very well. However, the varying trend of the gas concentration is similar
for both CO2 and CH4. The main discrepancy occurred in the range of 180 m to 200 m
away from the maingate, the concentrations of CO2 and CH4 were both over predicted
by simulation. While the gas concentrations were well predicted after 210 m away
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from the maingate, which is much more critical in this study. Therefore, by comparing
the air velocity and gas concentration along working face, it can be concluded that the
model results are suitable for the study of gas emission and accumulation in the
longwall goaf.

(a) CO2

(b) CH4
Figure 9.15 Comparison of gas concentration along working face
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9.3.2.3 Gas distribution along a longwall goaf

The gas distribution in the longwall goaf 1.0 m above the floor is shown in Figure 9.16.
Here, the distribution patterns of CH4 and CO2 are similar. However, the concentration
levels of these two gases are different due to the different emission rates. The central
area of the goaf is filled with a high concentration of both CH4 and CO2. The maximum
concentrations of CH4 and CO2 reached 28%, and 71% respectively. The distribution
of emitted gas is affected by the permeability of the caved goaf. As discussed in
Section 3.4 of this thesis, the goaf area is compacted in the central area and has a low
gas permeability, while the zone around the peripheral boundary has a relatively high
permeability. Along the peripheral boundary of the goaf, gas was diluted by the
ingression of fresh air. The distance of oxygen ingress in the maingate was about 250
m behind the face, while it was only about 100 m in the tailgate. This difference was
caused by longwall geometry and the ventilation system. The pattern of the high
concentration gas area forms an O-shape.

(a) CH4 concentration distribution

213

(b) CO2 concentration distribution

(c) O2 concentration distribution
Figure 9.16 Plan view of gases distribution in the goaf (1 m above floor)

Figure 9.17 shows the gas concentration distribution on different section planes within
the goaf. In the goaf just behind the working face, both CO2 and CH4 had a high
concentration near the floor while O2 and N2 filled the upper area. Even though the
density of methane was smaller than that of O2 and N2, the emitted gas migrated to the
floor due to the higher density of CO2. The lower-density CH4 migrated with CO2.
Thus, both CO2 and CH4 distributed near the floor, and O2 and N2 immigrated to the
roof behind the longwall face. Similarly, as the permeability at the end of the goaf was
relatively higher, the migration velocity of the gas was higher.
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(a) CH4 concentration distribution

(b) CO2 concentration distribution

(c) O2 concentration distribution
Figure 9.17 Plan view of gas distribution in the goaf (1 m above floor)
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9.3.2.4 Gas explosion risk area

The gas explosion risk area in the longwall goaf at a level of 1 m above the floor was
calculated using the Coward explosive triangle and are plotted in Figure 9.18. Here,
the “explosive if mixed more CH4” area was distributed in the gate roads, along the
longwall face and in the goaf just behind the longwall face. If more methane migrates
to these areas, they can become explosive. For example, roof caving at the back of the
goaf can squeeze out methane forcing it to the working face, thus increasing the
methane concentration to the explosive range. The “explosive area” was located
behind the “explosive if mixed more CH4” area and formed a strip-shape which was
bent towards the deeper goaf at the maingate side. Some areas in the cut-throughs were
also explosive and were surrounded by the “explosive if mixed more CH4” area, and
the “may become explosive when diluted by air”. It is obvious that the “may become
explosive when diluted by air area” is the largest area in the goaf. As the gas emission
rate of CO2 was higher, the concentration of O2 was diluted to a lower level than the
explosive range. If the seals within the cut-throughs were damaged, then fresh air can
flow into the goaf and enhance the likelihood of an explosion.

Figure 9.18 Gas explosion risk area distribution in a longwall goaf
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Parametric studies

A number of parametric studies were also conducted using the above base models in
order to investigate different scenarios in regard to goaf gas distribution behaviour at
Mine B, especially the explosion risk area distribution. Even though the CO2 emission
rate is higher than that of CH4, the analyses and discussion will focus on CH4 as the
risk of an explosion from this gas has been the main object of this research.

9.3.3.1 Impact of ventilation

Figure 9.19 Plan view of CH4 concentration distribution (1.0 m above floor) (a)
Decreased face ventilation;(b) Base model;(c) Increased face ventilation

The gas fringe under different ventilation rates was studied by changing the air velocity
at the maingate inlet1. The volume flow rate was increased to 36 m3/s and then
decreased to 16 m3/s while keeping all other boundary conditions and model settings
the same. Figure 9.19 shows the CH4 distribution in the goaf under different ventilation
rates provided to the longwall face. It is clear that the general distribution patterns of
CH4 are similar when the flow rate either increased or decreased. The high gas
concentration area was located in the middle of the goaf, especially at the tailgate side.
As the ventilation to the working face increased, the gas in the goaf was slightly pushed
back into the deeper part of the goaf. When the ventilation at the working face was
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reduced, the gas in the goaf moved forward towards the working face and the gas
concentration here tended to increase. A closer view of the CH4 distribution near the
working face is shown in Figure 9.20. The higher gas concentration area was pushed
into the deeper part of the goaf and away from the maingate as the ventilation increased.
The gas concentration in the left corner of the goaf was significantly higher when the
ventilation decreased in Figure 9.20(a). The iso-surface of 3% CO2 shown in Figure
9.21 represents the spatial distribution of CO2 in the goaf and at the working face. The
iso-surface moved forward into the working face when the ventilation at the working
face decreased by 10 m3/s, and it moved backward in the goaf when ventilation rate
increased by 10 m3/s.

Figure 9.20 Plan view of CH4 distribution near the working face (1.0 m above
floor) (a) Decreased face ventilation;(b) Base model;(c) Increased face
ventilation
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Figure 9.21 Spatial distribution of 3% CO2 concentration contour at the
intersection of the face and TG (a) Decreased face ventilation; (b) Increased face
ventilation; (c) Base model

The CH4 concentration variation along the working face under different ventilation
velocity is shown in Figure 9.22. Here, the CH4 concentration decreased as the
ventilation rate increased with the degree of reduction fluctuating along the working
face. However, on the whole, the reduction in the concentration of CH4 was very small.
The maximum reduction was only 0.17% when the flow rate increased by 10 m3/s.
From 265 m away from the maingate, the concentration of gas started to increase
rapidly as more gas flowed through this area to the tailgate.
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Figure 9.22 Variation in the concentration of CH4 along the working face with
different ventilation rates
The CH4 concentration variation along the tailgate and goaf under different ventilation
velocities is shown in Figure 9.23. Similarly, the CH4 concentration decreased as the
ventilation rate increased. The CH4 concentration in the goaf area was similar when
the flow rate increased by 10 m3/s relative to the base model. However, when the flow
rate decreased by 10 m3/s, the CH4 concentration obviously increased. The gas
concentration decreased along the goaf and at the working face while it increased
slightly in the tailgate. The concentration change due to these changes in ventilation
remained stable in the tailgate at 0.75% on the average.

Figure 9.23 Variation in the concentration of CH4 along the tailgate and the
goaf with different ventilation rates
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The gas explosion risk area with different ventilation rates is shown in Figure 9.24.
This risk pattern remains the same no matter what the rate of ventilation is. The
explosion risk area was behind the working face following a strip-shape. By comparing
the relative location of the “strip” to a “reference line”, when the ventilation rate
increased, the “explosive area” was slightly pushed back into the goaf and away from
the maingate side. However, the size of the area susceptible to an explosion did not
change much. It can be concluded that increasing the ventilation at the working face
does not have a significant influence on the distribution of the gas explosion risk area.

Figure 9.24 Ventilation impact on gas explosion risk area distribution in a
longwall goaf (a) Decreased face ventilation;(b) Base model;(c) Increased face
ventilation

9.3.3.2 Impact of the goaf gas drainage

High gas emission in the goaf can cause significant production delays and safety issues.
Various gas drainage measures are generally conducted to manage the migration of
gas onto the working face and to prevent coal spontaneous combustion and methane
exploding. In Mine B, high CO2 and CH4 emissions from the goaf have caused
production delays. Simulations using two types of drainage hole layouts and four
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drainage rates were carried out to investigate the effect of gas drainage from the roof
and tailgate areas. As shown in Figure 9.25, one type involves drilling four horizontal
roof boreholes 4 m above the coal seam at intervals of 5 m. The other type involves
drilling four horizontal boreholes into the coal seam behind the working face from the
tailgate at intervals of 5 m. The diameter of the boreholes was 0.2 m. For simplicity of
simulation, the four boreholes were simplified as one borehole with a diameter of 0.4
m. In addition, the borehole within the goaf area was modelled by increasing the
permeability at the corresponding location, and the outlet of the borehole was set as
velocity inlet with negative speed. In this study, four extraction flow rates: 12.5 l/s, 25,
125 l/s and 250 l/s were simulated to study the influence of the extraction rate on gas
frainge and distribution of explosion risk area.

(a) Roof boreholes locations

(b) Tailgate boreholes locations
Figure 9.25 Locations of the goaf gas drainage boreholes
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(a) 12.5 l/s flow rate

(b) 25 l/s flow rate

(c) 125 l/s flow rate

(d) 250 l/s flow rate

Figure 9.26 CH4 distribution at 1.0 m above the floor when roof boreholes are in
operation
Figure 9.26 shows the CH4 distribution in the goaf at 1.0 m above the floor with the
roof boreholes operating at these extraction rates. The results show that when the roof
boreholes are operating, the maximum CH4 concentration was slighter higher relative
to the base model without gas drainage. The gas distribution pattern does not change
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obviously. The closer view of CH4 distribution near the working face is shown in
Figure 9.27. Here, the gas fringe near the tailgate is dragged toward the working face
when the roof boreholes were in operation. However, as the drainage rate increased
from 12.5 l/s to 250 l/s, the drag effect decreased significantly. When the boreholes
were operating, the gas was extracted from goaf and flowed towards the boreholes. A
triangle region formed with a high concentration near the goaf edge at the tailgate side.
When the extraction rate increased, this triangular region shrunk in size as the gas was
also extracted by the drainage holes.

Figure 9.27 Plan view of CH4 distribution near the working face when roof
boreholes are in operation (1.0 m above floor) (a) Base model; (b) 12.5 l/s (c) 25
l/s (d) 125 l/s (e) 250 l/s
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The CH4 concentration variation along the working face with differing drainage rates
is shown in Figure 9.28. Here, drainage by the roof boreholes can decrease the CH4
concentration at the working face. However, the CH4 concentration in the tailgate
increased compared to the base model without gas drainage. Figure 9.29 shows the
variation in the CH4 concentration along the tailgate and in the goaf with differing
drainage rates. In the goaf, the CH4 concentration increased due to the gas drainage.
The reason for this is that the borehole gas drainage sucks more gas from the deeper
part of the goaf towards the working face and increases the gas concentration along
the tailgate.

Figure 9.28 Variation in the concentration of CH4 along the working face with
different roof boreholes flow rates
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Figure 9.29 Variation in the concentration of CH4 along the tailgate and goaf
with different roof boreholes flow rates

The distribution of gas explosion risk area in the goaf with different flow rates in the
roof boreholes is shown in Figure 9.30. Here, the gas drainage did not affect the
distribution of the gas explosive area significantly. By again comparing the relative
location of the “strip” to a “reference line”, it can be seen that when drainage of the
boreholes was in operation, the “explosive area” was slightly pushed forward towards
the working face along the edge of the goaf closest to the tailgate side, again forming
a triangle region. When the extraction rate increased, the triangle region shrunk as gas
in the triangle region was also extracted by the drainage holes.

Figure 9.30 Roof gas drainage impact on gas explosion risk area distribution in
a longwall goaf (a) Base model;(b) 12.5 l/s; (c) 25 l/s; (d)125 l/s; (e) 250 l/s
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(a) 12.5 l/s flow rate

(b) 25 l/s flow rate

(c) 125 l/s flow rate

(d) 250 l/s flow rate

Figure 9.31 CH4 distribution at 1.0 m above the floor when tailgate boreholes
are in operation
The CH4 distribution at 1.0 m above the floor in the goaf with the tailgate boreholes
operating at different extraction rates is shown in Figure 9.31. When the tailgate
boreholes were operating, the maximum CH4 concentration did not change too much
as the drainage rate increased. The distribution pattern of gas did not change obviously.
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The closer view of the distribution of CH4 near the working face is shown in Figure
9.32. Here, the gas fringe near the tailgate was dragged toward the tailgate when the
roof boreholes were in operation. In addition, as the drainage rate increased from 12.5
l/s to 250 l/s, the drag effect increased significantly. The area of high gas concentration
was also dragged toward the deeper part of the goaf.

Figure 9.32 Plan view of CH4 distribution near the working face when tailgate
boreholes are in operation (1.0 m above floor) (a) Base model; (b) 12.5 l/s (c) 25
l/s (d) 125 l/s (e) 250 l/s
The CH4 concentration variation along the working face with different tailgate
drainage rates is shown in Figure 9.33. The tailgate borehole drainage decreased the
CH4 concentration in the working face effectively when the flow rate was 125 l/s and
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250 l/s. The closer to the tailgate, the better is the drainage effect. However, when the
flow rate was 12.5 l/s and 25 l/s, the CH4 concentration was higher than that without
drainage. Figure 9.34 shows the CH4 concentration variation along the tailgate and
through the goaf with different tailgate drainage rates. The result shows that the
drainage rate of 250 l/s could decrease the gas concentration better than the lower
drainage rate.

Figure 9.33 Variation in the concentration of CH4 along the working face with
different tailgate boreholes flow rates

Figure 9.34 Variation in the concentration of CH4 along the tailgate and
through the goaf with different tailgate boreholes flow rates
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The distribution of the gas explosion risk area in the goaf with different flow rates of
the tailgate boreholes is shown in Figure 9.35. When the tailgate boreholes were in
operation, the “gas explosive strip” extended into the deeper part of the goaf along the
edge of the goaf on the maingate side. The “gas explosive strip” has also pushed away
from the working face, as shown by the increasing gap between the “strip” and the
“reference line”.

Figure 9.35 Tailgate gas drainage impact on gas explosion risk area distribution
in a longwall goaf (a) Base model;(b) 12.5 l/s; (c) 25 l/s; (d)125 l/s; (e) 250 l/s

As can be shown from the above analyses, gas drainage from the tailgate boreholes
can decrease the gas concentration at the working face effectively when the drainage
flow rate is 250 l/s. Tailgate borehole is more effective than roof borehole in
decreasing the gas concentration in the goaf and at the working face.

9.3.3.3 Impact of the gas emission rate

Three different gas emission rates were simulated in order to investigate the impact of
gas emission on the gas distribution in the goaf and along the working face. The gas
emission rates were as follows: 1400 l/s CO2 and 610 l/s CH4; 700 l/s CO2 and 305 l/s
CH4; and 610 l/s CH4 without any CO2. All the other boundary conditions including
the ventilation scheme and ventilation rate were kept the same.
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Figure 9.36 Plan view of CH4 concentration distribution (1.0 m above floor) (a)
1400 l/s CO2 with 610 l/s CH4; (b)700 l/s CO2 with 305 l/s CH4; (c) 610 l/s CH4
without CO2
Figure 9.36 shows the CH4 distribution within the goaf and along the working face 1
m above the floor with different gas emission rates. It is clear that when the gas
emission rate decreased, the gas pressure in the goaf decreased. Thus, more fresh air
could flow into the goaf, and less CH4 could migrate to the working face. It was also
found that when the gas emission rate was halved, the maximum CH4 concentration
decreased and the area of high CH4 was pushed back deeper into the goaf. When the
emission gas consisted only of CH4, the area of high CH4 was much smaller and shrank
to the centre of the goaf.

Figure 9.37 shows the distribution of the gas for different section planes cut across the
goaf when the emission gas only consisted of CH4. Here, in the goaf just behind the
working face, CH4 migrated upward to the roof due to its low density. This differed
from the distribution of CH4 when it was mixed with CO2. The latter has already been
discussed. It can be concluded that, when the emission gas only contains CH4, CH4
will migrate to the roof. On the contrary, when the emission gas contains both more
CO2 and relatively less CH4, the lower-density CH4 migrates together with CO2 to the
floor.
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Figure 9.37 Plan view of CH4 distribution in the goaf when the emission gas only
contains CH4 (1 m above floor)

Figure 9.38 presents a closer view of the distribution of CH4 near the working face. It
can be seen clearly that the high concentration of gas was pushed back deeper into the
goaf when the gas emission rate decreased to half of its original emission rate. When
the emission gas only consisted of CH4, the total gas emission rate was only 610 l/s,
far less than the original total emission rate of 2010 l/s. The zone of high CH4
concentration was pushed even further away from the working face by fresh air.
However, if the emitted gas only contained CH4, the concentration of CH4 in the
tailgate was higher than the cases with a combination of CH4 and CO2.
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Figure 9.38 Plan view of the distribution of CH4 near the working face (1.0 m
above floor) (a) 1400 l/s CO2 with 610 l/s CH4; (b) 700 l/s CO2 with 305 l/s CH4;
(c) 610 l/s CH4 without CO2

Figure 9.39 Variation in the concentration of CH4 along the working face with
gas emission rates
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Figure 9.40 Variation in the concentration of CH4 along the tailgate and into the
goaf with different gas emission rates

The variation in CH4 concentration along the working face, and along the tailgate and
into the goaf and are shown in Figure 9.39 and Figure 9.40, respectively. Here, as the
rate of gas emission decreased, the concentration of CH4 decreased significantly.
However, when the emitted gas contained only CH4, the CH4 concentration was much
higher. Even though the CH4 concentration was lower when there was CO2 mixed in
the emitted gas, the presence of CO2 could also be a safety issue because the
concentration of CO2 was too high.

The distribution of gas explosion risk area with different gas emission rates is shown
in Figure 9.41. Clearly, the “gas explosive strip” was pushed back deeper into the goaf
when the gas emission rate decreased. When the emission gas only contained CH4, the
“gas explosive strip” bent more markedly near the edge of the goaf at the tailgate side.
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Figure 9.41 Ventilation impact on gas explosion risk area distribution in a
longwall goaf (a) Decreased face ventilation;(b) Base model;(c) Increased face
ventilation

9.3.3.4 Impact of the goaf length

Four models with different goaf lengths were simulated to investigate the impact of
the length of the goaf upon the distribution of gas in the goaf and at the working face.
The goaf lengths were 250 m, 500 m, 750 m and 1000 m. The total gas emission rate,
as well as all other boundary conditions, including the ventilation scheme and
ventilation rate, were kept the same for comparison.

Figure 9.42 shows the CH4 distribution within the goaf and along the working face 1
m above the floor for different goaf lengths. The gas distribution patterns were similar
in all 4 cases. As the goaf length increased, the high concentration of gas was pushed
back deeper into the goaf. This is shown clearer in the detailed view of the distribution
of CH4 near the working face in Figure 9.43.
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Figure 9.42 Plan view of CH4 concentration distribution with different goaf
lengths (1.0 m above floor) (a) 250 m; (b) 500 m; (c) 750 m; (d) 1000 m

Figure 9.43 Plan view of CH4 distribution near the working face with different
goaf lengths (1.0 m above floor) (a) 250 m; (b) 500 m; (c) 750 m; (d) 1000 m
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The variation in the concentration of CH4 along the working face and along the edge
of the goaf at the tailgate side are shown in Figure 9.44 and Figure 9.45 respectively.
As the goaf length increased, the concentration of CH4 decreased slightly both along
the working face and along the goaf at the tailgate side. When the goaf length was 250
m, the maximum CH4 concentration was less than 1.5%, which is below the safe
concentration. The gas concentration in the goaf was much higher when the goaf length
was 250 m. Thus, when a longwall panel is just beginning to be mined, more attention
should be paid to the emission of gas from the goaf to the working face.

The distribution of gas explosion risk area with different goaf lengths are shown in
Figure 9.46. The “gas explosive strip” was pushed back deeper into the goaf slightly
when the goaf length increased. It can be concluded that the gas explosion risk area is
always located behind the working face. The rest of the goaf is filled rich in methane
and can be explosive when diluted by air.

Figure 9.44 Variation in the concentration of CH4 along the working face with
different goaf lengths (a) 250 m; (b) 500 m; (c) 750 m; (d) 1000 m

237

Figure 9.45 Variation in the concentration of CH4 along the tailgate and goaf
with different goaf length (a) 250 m; (b) 500 m; (c) 750 m; (d) 1000 m

Figure 9.46 Goaf length impact on the distribution of the gas explosion risk area
in a longwall goaf per various lengths (a) 250 m; (b) 500 m; (c) 750 m; (d) 1000
m
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9.4

Summary

This chapter has described the application of CFD models to the investigation of gas
flow and accumulation at different locations. Specifically, the investigation included
the gas accumulation process as a result of auxiliary fan trip-off in a heading, and the
gas emission and its migration in an active longwall goaf. Modelling used heading and
longwall goaf dimensions, and field monitoring data collected from an Australian coal
mine at Tahmoor. Based on this information, CFD models were constructed.

Firstly, the gas accumulation process as a result of auxiliary fan trip-off at a heading
was simulated. The gas concentration in the heading was calculated and the gas
explosive area was determined. The following conclusions were derived:


Under normal conditions, the emitted gas would be diluted by fresh air and
flow through the fan duct to the belt road. The area of higher methane is at the
gaps between the continuous miner drum and the coalface of the heading.



As time goes on, the methane accumulated in the two headings and gradually
reached the explosion limit. At about 720 s, the gas in the explosive range
spread to the whole heading of the belt road and 25 m of the 30 m long the
travel road heading.



The gas concentration in the heading of the travel road was much lower than
that of the belt road. The lower concentration of gas in the heading of the travel
road benefited from the higher flow resistance generated by the fresh air current
and the lower resistance flow channel provided by the fan duct.



The explosion risk area in the travel road heading is mainly distributed above
the level of the fan duct, and between the coalface and the continuous miner
drum. In the belt road heading, the gas concentration at an area in the range of
20 m from the heading is all within the explosion limit. Beyond 20 m, the gas
explosion risk area shrinks gradually to the roof and remains 1.6 m from the
roof.

Secondly, the gas emission and migration along an active longwall goaf and the
concentration of methane in the goaf were analysed. A base model was simulated and
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validated using field monitored velocity and gas concentration profiles where good
agreements had been achieved, demonstrating the reliability of the CFD models. The
same boundary conditions were then adopted for the parametric studies. The following
conclusions were found:


The central area of the goaf is filled with a high concentration CH4 and CO2.
Along the peripheral boundary of the goaf, gas is diluted by the ingression of
fresh air. The ingress of oxygen into the maingate access about 250 m behind
the face, but 100 m into the tailgate. The shape of the high concentration of gas
forms an O-shape.



The “explosive if mixed more CH4” area is distributed along the gate roads,
longwall face and the goaf just behind the longwall face. The “explosive area”
is located behind the “explosive if mixed more CH4” area and forms a stripshape which is bent deeper into the goaf along the maingate side. The “may
become explosive when diluted by air area” is the largest area in the goaf
located behind the “explosive area”.



The accumulated gas in the goaf is slightly pushed back deeper into the goaf
as the ventilation at the working face increases. The gas moves forward to the
working face as the ventilation reduces. The CH4 concentration in the goaf and
along the working face decreases as the ventilation rate increases. The
maximum reduction is only 0.17% when the flow rate increases by 10 m3/s.
The “explosive area” is slightly pushed back into the goaf and pushed away
from the maingate side when ventilation rate increases. However, the size of
the explosion risk area does not change much. It can be concluded that
increasing the ventilation rate along a working face does not have a significant
influence on the distribution of gas explosion risk area.



Roof borehole drainage can decrease the CH4 concentration at the working
face, but increases the CH4 concentration in the goaf and the tailgate. The gas
fringe near the tailgate is dragged toward the tailgate when the roof boreholes
or tailgate boreholes are in operation. The tailgate gas drainage can decrease
the gas concentration in the working face effectively when the drainage flow
rate is 250 l/s. Tailgate borehole drainage is more effective than roof borehole
drainage in decreasing the concentration of gas in the goaf and along the
working face.
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When the gas emission rate decreases, more fresh air can flow into the goaf
and less CH4 can migrate to the working face. When the emission gas consist
s only of CH4, the area of high CH4 is much smaller and shrinks to the centre
of the goaf as the total emission rate is smaller than the base model.



When emitted gas only contains CH4, it will migrate to the roof. However,
when the emitted gas contains more CO2 and relatively less CH4, the lowerdensity CH4 migrates together with CO2 to the floor.



As the gas emission rate decreases, the concentration of gas decreases
significantly. Even though the CH4 concentration is lower when there is CO2
in the emitted gas, CO2 can become a safety issue as the CO2 concentration is
too high.



The “explosive area” is pushed back deeper into the goaf when the gas emission
rate is decreased. When the emission gas only contains CH4, the “gas explosive
strip” bends more markedly near the edge of the goaf at the tailgate side.



As the goaf length increases, the high concentration of gas is pushed back
deeper into the goaf and the concentration of CH4 decreases slightly both along
the working face and along the edge of the goaf on the tailgate side.
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10 CONCLUSIONS AND RECOMMENDATIONS
10.1 Conclusions
This study conducted through investigations of the abnormal emissions of gas and gas
explosions at different locations in underground coal mines and the area susceptible to
a gas explosion. The mechanisms for the propagation of the explosion have been
demonstrated by both computational modelling and laboratory experiments. Key
conclusions are summarized in this chapter.

Gas concentration and explosion risk area variation after a coal/gas outburst

Based upon the historical records of gas outburst and the gas emission rules, the gas
release velocity after a coal and gas outburst was analyzed. Then, CFD models were
then established to study the process of sudden gas emission from a typical coal and
gas outburst event on a longwall face and a heading. The gas velocity during the
increasing and decreasing stages all obey a power function. In the studied coal mine,
the outburst process lasts for 30 s, and it takes 6 s for the gas to reach its maximum
velocity. This maximum then lasts for 3 s before decreasing.

For an outburst on a longwall face, the outburst gas will travel from the outburst site
some distance against the face ventilation. The maximum back-flush distance
decreases linearly as the ventilation rate increases. For an outburst site close to the
maingate (6 m away), the outburst gas can extend to the maingate and flow 5.4 m
against the ventilation, if the ventilation rate drops below 20 m3/s. For an outburst at
the middle of the longwall face, the back-flush distance can reach 24 m against the
ventilation. If the ratio of CH4 and CO2 in the outburst gas is 1:1, the concentration of
CH4 always is the same as CO2 at any location because the Graham's Law of Effusion
(Diffusion) has little effect on gas concentration in such a short time. As the intake of
fresh air increases, the peak concentration of CH4 at specific locations decreases
significantly, and the duration of high concentrations is also significantly reduced.
Since 1.1 s of the outburst, the workings face can be subject to an explosion. The
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explosion risk area moves to both sides of the outburst location as time goes on.
Visually, the explosion risk area is pushed forward by fresh air as time goes on.

When a coal and gas outburst occurs on a heading, the time required for the gas
concentration in the fan to reach 1.25% (methane breaker would disconnect the power
supply) increases as the heading length increases and follows a near-linear function.
When the heading length increases from 15 m to 60 m, the time required for the CH4
concentration to reach 1.25% increases from 3.119 s to 3.559 seconds. The outburst
gas will firstly fill the heading and then flow to both the travel road and the cut through
at the first intersection. When the outburst gas reaches the belt road, some gas flows
together with the air current along the belt road. However, some gas will also flow to
the heading of the belt road even though the fan has stopped working. The outburst
gas also flows to the heading of the belt road through the fan duct. The outburst gas
can fill both the outburst heading and the adjacent heading, thereby creating dangerous
areas for workers. When the volume of the outburst gas is 2200 m3, and the heading
length is 15 m, the maximum back-flush distance can reach 71.5 m, which is 2.65 times
the length for a volume of 1100 m3. It indicates that when the outburst event becomes
much more serious, the ratio increase of the maximum back-flush distance increase is
higher than the ratio increase of the outburst volume. The explosive area appeared in
front of the outburst gas frainge since 20 s and increased with time. At 600 s, the gas
concentration at the two headings was still higher than that required for an explosion.
Extra care is required when diluting the gas at the headings of the travel road because
it will be diluted through the explosive range before it becomes safe.

Variation in the gas concentration after gas emission at a heading and in a goaf

Gas emission and migration in a heading and a longwall goaf were studied by
theoretical analyses, in-situ survey and CFD simulation.

In a heading, the gas emission rate decreases as the distance from heading increases
and follows a power function. In the heading of Mine B, the total gas emission rate
calculated is 31.38 l/s which is in accordance with the monitored data of 30 l/s. When
the auxiliary fan “trip-off”, at a height of 2 m, less than 10 m from the heading of the
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travel road reaches the explosion limit while more than 40 m reaches this limit in the
belt road. The belt road has a larger explosion risk area than the travel road. At the
travel road heading, owing to the existence of the fan duct, the explosion risk area is
mainly distributed above the level of the fan duct, and between the coalface and the
continuous miner drum. At the belt road heading, the gas concentration within 20 m
from the heading is all within the explosion limit. Beyond 20 m, the gas explosion risk
area shrinks gradually to the roof, about 1.6 m from the floor.

In the longwall goaf, since the goaf is compacted with a low gas permeability in its
central area and a higher permeability near the peripheral boundaries, the central area
of the goaf is filled with high concentrations of CH4 and CO2. At the periphery of the
goaf, the gas is significantly diluted by the intruding fresh air. The oxygen ingress in
the maingate is about 250 m behind the face, while it is only about 100 m in the tailgate.
The shape of the high concentration gas area forms an O-shape. The “explosive area”
is located behind the “explosive if mixed more CH4” area and forms a strip-shape
which is bent deeper into the goaf along the maingate side. As a large volume of
methane is accumulated in the goaf, the gas concentration in the deeper part of the goaf
is above the explosion limit and may become explosive when diluted by air. The area
that may become explosive when diluted by air forms the largest area in the goaf
located behind the “explosive area”. The parameters that affected goaf gas distribution
behaviour has also been studied, the main results can be summarised as follows:


As the ventilation increases, the “explosive area” is slightly pushed back into
the goaf and away from the maingate side. However, the size of the explosion
risk area does not change much. Increasing the ventilation along the working
face does not have a significant influence on the distribution of the gas
explosion risk area.



Drilling drainage of gas from the roof can reduce the concentration of CH4 on
the working face while increasing the CH4 concentration in the goaf and
tailgate. The gas fringe in the goaf near the tailgate is dragged toward the
tailgate when the roof boreholes or tailgate boreholes are in operation. The
tailgate borehole drainage can decrease the gas concentration at the working
face effectively when the drainage flow rate is 250 l/s. Tailgate borehole
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drainage is more effective than roof borehole drainage in decreasing the
concentration of gas in the goaf and along the working face.


As the gas emission rate decreases, the gas concentration decreases
significantly and the “explosive area” is pushed back into the deeper part of the
goaf.



As the length of the goaf increases, the high concentration of gas is pushed into
the deeper part of the goaf, and the concentration of CH4 along the working
face and the goaf at the tailgate side is slightly decreased.

Gas explosion and propagation in underground coal mines

Gas explosion and propagation were studied by both CFD simulation and large-scale
experiments. Firstly, the simulation results of different turbulence and combustion
models were compared to experimental results. According to the comparison, the SST
k-ω model together with EDM was selected as optimum models for the CFD
simulation of a gas explosion. Then, gas explosions with different volumes of an
oxygen-acetylene mixture were conducted using the Advanced Blast Simulator in the
Australian National Facility for Physical Blast Simulation. Based on the experiments,
CFD simulation was conducted, and the results were compared to the experimental
results to further validate the CFD simulation.

Based on the selected turbulence and combustion models, gas explosion propagation
in a single entry roadway and in multiple entry roadways were studied by CFD
simulation.

When a gas explosion occurs in a single entry roadway, The maximum overpressure
increased as the mixture volume increased and followed a linear relationship with the
mixture volume. The overpressure experiences four phases: namely an initial phase, a
pressure increase phase, a pressure decrease phase and an oscillation phase. The entire
roadway area is under negative pressure from 1000 ~ 1600 ms of the explosion, which
can suck fresh air into the explosion zone from outside. This may cause a second dust
explosion. The wavefront undergoes three different types of wave: namely a spherical
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wave, a cylindrical wave and a plane wave. The shock wave eventually spreads in the
form of a plane wave due to the Mach reflection phenomenon. The maximum
overpressure is inversely proportional to the square root of the distance. The
relationship between maximum overpressure and distance can be expressed by the
0.5
equation y  1100  x . After 40 m, the equation is more in line with the simulation

results. The distance is about 10 times the width of the cross-section. The temperature
variation experiences four periods: an initial period, a warm-up period, a burning
period, and a burned period. The maximum temperature reaches 2520°C. The variation
in shock wave overpressure along the roadway can be divided into three zones:
namely, an unaffected zone, an affecting zone and an affected zone. The temperature
variation along the roadway can be divided into three zones, namely, a hightemperature zone, a warm zone and an initial zone. The temperature spatially roughly
keeps pace with the overpressure along the roadway. The flame experiences four
typical phases: namely, a spherical flame, a finger-shaped flame, a flame with the
flame skirt touching the side and a tulip flame.

When a gas explosion occurs in multiple entry roadways, once the shock wave
encounters an intersection, it transforms from a plane wave to a spherical wave and
propagates along both the main roadway and branches. A negative pressure zone is
created at the inner corner while the high positive overpressure is formed at the outer
corner. The shock wave propagates to the branches before it propagates to the next
intersection and the overpressure in the three roadways increases synchronously.
Starting from 1.0 s, the entire roadway is under negative pressure and then oscillates
around ambient pressure. The overpressure in the single B-drift is much higher than
that at the same location in multiple entry roadways. The overpressure in the single Bdrift can be expressed as y = 125.94x-0.09, and the overpressure in the B-drift of the
multiple entry roadways can be expressed as y = 332.51x-0.455. The average speed of
the shock wave in the single B-drift is 454 m/s, while the speed of the shock wave in
the B-drift of the multiple entry roadways is 344 m/s. The velocity attenuation of the
shock wave caused by branching is 24%. The average overpressure attenuation in the
multiple entry roadways is around 13.8%, and the average overpressure of the single
B-drift is attenuated by 3.6%. The attenuation of the shock wave impulse in the B-drift
of the multiple entry roadways is 16.4%, which is higher than the attenuation in the
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single B-drift where the attenuation is 7.7%. In the multiple entry roadways, the flame
can form a finger-shaped and a flame skirt touching the side walls. However, the flame
cannot form a tulip shape as the distance between the two intersections is not long
enough. The flame will partially fill the branches before it propagates across the
intersection and spreads forward into the B-drift. Then, the flame propagates along the
three drifts simultaneously. The flame cannot form a regular shape due to the influence
of shock waves incident from several directions.
10.2 Recommendations
Further research is recommended in the following areas:


A coal and gas outburst is a complex phenomenon. The velocity of gas release
is calculated by the total volume released, and the monitored concentration of
gas over time at the tailgate, combined with the historical records of the
outburst. The behaviour in this change in velocity should be further verified by
experiments.



CFD simulation of a gas explosion and its propagation along a heading based
on the distribution of gas after a coal/gas outburst and the accumulation of gas
as a result of auxiliary fan trip-off should be carried out. Simulation of a gas
explosion and its propagation along both a single entry roadway and multiple
entry roadways have been conducted. However, the dimensions of the multiple
entry roadways are not in accordance with the dimensions of the general
heading, especially the coal pillar length of the roadways. The explosion based
on the distribution of gas after a coal/gas outburst or the accumulation of gas
as a result of auxiliary fan trip-off is more in line with reality and can provide
information to develop better control strategies for the prevention of a gas
explosion and the construction of explosion-proof facilities such as explosionproof chambers.



Gas explosion and its propagation at a longwall face should be further studied
in order to understand the propagation of a gas explosion in the presence of
chocks along the longwall face.



Based on the results described for the distribution of the gas explosion risk area
in Chapter 7, numerical simulation of a gas explosion and its propagation in a
longwall goaf should be conducted.
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Coal dust and gas/coal dust explosions should be conducted in order to
understand the intensity of a gas/coal dust explosion, thereby providing criteria
to strengthen the design of an explosion-proof wall.



The effect of rock dusting and water barriers on preventing and reducing the
intensity of gas explosions should be studied. It is beneficial to the design of
rock dusting and water barriers, such as the location of the barriers, the amount
of dusting or water and the density of the barriers.
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